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-each of the different types of animal, but we found no decided differences 


pressure (Fig. 4) and an increased pulmonary vein outflow into the left 


STUDIES IN THE PULMONARY CIRCULATION. 
| III. The action of histamine. 


By W. E. DIXON ann J. ©. HOYLE. 
ee the Pharmacological Laboratory, Cambridge.) 


HIsTAMINE has assumed considerable importance in recent times because 
it provides a suitable means of rapidly simulating conditions of shock 
in experimental animals. This is not a property peculiar to histamine; 
true shock can be produced readily, although more slowly, by other 
substances, for example, bacterial toxins. 

The changes produced by histamine in the pulmonary circulation of 
intact animals have not been thoroughly studied, although many 
isolated observations occur in the literature, which are not always in 
agreement; this may be explained. partly by the fact that histamine 
produces a different type of action in various species of animals. In the 
present investigations we propose to demonstrate the action in the dog, 
cat and rabbit. 

In these experiments various anesthetics have been employed in 


in the results, whatever the nature of the anesthetic. a.c.z., ether, 
urethane, paraldehyde, chloralose and morphine are amongst those 
which we have tried; but later we found it convenient to use morphine 
and urethane for dogs, and ether and urethane for cats and rabbits. 
Histamine shows very marked differences in action on the pulmonary 
circulation in the three animals used, and, therefore, for clearness the 
experimental results are described separately for each species. 


Intravenous injections of histamine in doses sufficient to cause a 
moderate to a profound fall in blood-pressure (4-2 mg.) produce changes 
in the pulmonary circulation which fall into two stages. The first effect 
lasts for about 10 to 20 seconds after the injection and is shown by a rise 
in night auricular pressure (Fig. 1) and pulmonary artery pressure (Fig. 2), 
an increase in the vascular lung volume (Fig. 3), a rise in pulmonary vein 
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Fig. 1. Fig. 2. 
Fig. 1. Dog. Right auricular pressure and aE, Shows typical effect of injecting 2 mg. 
histamine into femoral vein. 


Fig. 2. Dog. Art. resp. Pulmonary artery pressure and x.r. Shows typical effect of 
injecting histamine on two occasions into femoral vein. 


Fig. 3. Dog. Art. resp. OF aad tte volume 
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PULMONARY CIRCULATION: HISTAMINE. 3 


auricle. The increase in right auricular pressure and vascular volume of 
the lung, even with a dose of 2 mg., is, however, trivial; but the increase 
in the pulmonary artery and pulmonary 
vein pressures is considerable, as much 
as 40 mm. of half-saturated sodium 
sulphate solution. 

These effects are transient and are 
followed by the main action of the drug 
as the blood-pressure falls. The right 
auricular pressure shows a very con- 
siderable fall (Fig. 1) below normal; 
this is accompanied by a similar fall in 

~ pulmonary artery pressure (Fig. 2), a 
decrease in the vascular volume of the 
lung (Fig. 3), a diminished outflow from 
the pulmonary vein and a profound 
fall in left auricular pressure (Fig. 5). 
All these changes are the reverse of 

‘ those which occur immediately after 

the injection, they are also much more 

marked and persist for a longer time, 


q 2 minutes or more. With a dose of 
1 mg. of histamine the right and 
a auricular pressures and the pulmonary 
‘ artery pressure usually fall about 20 to 
4 30 mm. of half-saturated sodium sul- ” 
phate solution; with double this dose Mig: Dog. 
E the fall is about 40 to 50mm. The of right lung, and B.P. Shows typical 
decrease in the vascular volume of the of histamine 
3 lung amounts to about 1 c.c. for the 
’ middle lobe of the right lung, and the diminution in pulmonary vein 
¥ outflow may be as much as 50 p.c. 
i The explanation of these two phases presents difficulty only in regard 
: to the immediate effects after the injection of the drug. These are due 
entirely to the local action of the drug upon the heart and pulmonary 
circulation, and occur before the drug has acted upon the systemic cir- — 
’ culation. This-is shown by the fact that this phase of the-action of his- 
tamine is absent when the injection is made into an artery instead of 
" into a vein (Fig. 6). 
f Histamine is known to constrict the pulmonary vessels of some 
i—$ 
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Kiy. 5. Dog. Art. resp. Left auricular pressure obtained by inserting a cannula through the 
of injecting histamine into femoral artery, Time, 1 cm. =25 sec. 


Shows the effect of injecting histamine into femoral vein and femoral artery. — 
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PULMONARY CIRCULATION: HISTAMINE. 5 
animals; and constriction of the pulmonary arterioles in the dog might 


sures. If this were the correct explanation then the vascular lung volume 
should have shown a decrease at this time, unless there was also some 
constriction of the pulmonary veins or an increased output of blood from 
the right side of the heart. But the pulmonary vein pressure rises and 
the outflow increases at this time, so that constriction of the ny 
veins must play little part in a the phenomenon. | 


Protocol. 


Dog, morphine, urethane, artificial respiration. tar & 
pulmonary vein of the middle lobe of the right lung. Time in each case 10 sec. with 5 sec. 
interval between each reading. 


Before. 3 0.0., 3 0.0., 3 c.c. histamine 2 mg. injected intravenously. 
After. 3-5 0.0., 2-5.0.¢., 1-8 6.0. 

This suggests that an increased cardiac output is partly responsible 
for the early rise in pulmonary artery pressure and slight increase in 
vascular lung volume. Cardiometer records, however, show no evidence 
that this is the case; on the contrary, they usually show some diminution 
in output from the beginning (Fig. 7). At the beginning of the effect there 


Rig. 7. Dog. Art resp. Cardiometer and Shows effect of injecting 
histamine (0-75 mg.) into femoral vein. Time, 1 cm. =265 sec. 
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6 W. E. DIXON AND J.C. HOYLE. 


is some cardiac acceleration, and it may be that this is sufficient to 
increase the minute output of the right heart sufficiently to account for 
the slight increase in the vascular lung volume and pulmonary vein 
outflow, even though there is constriction of the pulmonary arterioles: 
the latter effect, however, is probably present, since the rise in pul- 
monary arterial pressure is too great in comparison with the trivial 
increase in vascular lung volume for them both to be due to increased 
output from the right heart. 

The important changes, however, are those seen when the fall in 
blood-pressure is pronounced. They consist in a considerable decrease in 
the amount of blood passing through the lungs. This is shown by the 
various changes to which reference has already been made. 

Similar alterations in the pulmonary circulation to those produced 
by histamine can be obtained experimentally by mechanically limiting 
the venous return to the right side of the heart. Histamine constricts 
veins, but it is probable that in the present experiments limitation of 
the venous return to the right heart is mainly due to this action of the 
drug upon the hepatic veins. This appears to be a peculiarity in the 
dog, dependent on the fact that the branches of the efferent hepatic 
veins in this species have stout muscular coats(1) which are exceedingly 
sensitive to histamine). Dale and his collaborators have recently shown 
the marked extent to which these vessels serve as a dam under the 
action of histamine(8); and we consider that this action is the main 
factor concerned in producing the changes described as the second phase 
of the action of histamine on the pulmonary circulation. Anrep(4) and 
Cruickshank and Subra Rau() have shown that thisdrugconstricts _ 
in a very moderate degree the coronary vessels in the dog; and itislikely — 
that this action contributes in small measure to the diminished return 
of blood to the right heart. ‘ 3 

One other point deserves mention. Injections of histamine always 
weaken the heart. We have observed this many: times, using both the 
cardiometer and the lever methods of recording (Fig. 7). In this finding 
we are in agreement with Riih1(), who worked with the heart-lung pre- 
paration; he states that under exacting conditions histamine produces 
a lasting injury to the heart with dilatation. | 

Our experiments show then that the important changes in the 
pulmonary circulation of the dog brought abont by an injection of 
—— are primarily due to the specific action of the drug on liver 
venules, 
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Cat. 
Intravenous injections of histamine in the cat tell quite another story 
from the dog. The pulmonary arterial pressure rises (6, 7, 8) considerably, 
and the generally accepted explanation of this effect is constriction of 
pulmonary arterioles. In support of this Dale and Laidlawi(7) stated 
that, although histamine increases the cardiac output in the cat, this is 
only slight and will not account for the considerable rise in pulmonary 
pressure; moreover, they found a decrease in the rate of outflow from 
the venous side in pulmonary perfusion experiments. Anderes and 
Cloetta(s) also describe a decrease in the vascular — of the lung 
in the intact animal after injecting histamine. 

We are not able to confirm all these observations and deductions. 
In conformity with previous workers we have found that injections of 
histamine (Fig. 8) sufficient to lower the systemic blood-pressure always 


_ Fig. 8 Cat. Art. resp. Pulmonary artery pressure from the middle lobe of right lung, 


and B.P. Shows the effect of injecting histamine into the jugular vein on two occasions. 


raise the pulmonary arterial pressure; when 1 mg. of histamine is in- 
jected this rise — about 60 mm. of half-saturated sodium sulphate 
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solution. We have failed to find any evidence that this rise in pulmonary 
pressure is mainly due to constriction of pulmonary arterioles, If vaso- 
constriction were important the vascular volume of the lung should 
decrease as claimed by Anderes and 
Cloetta(s); in our experiments it has 
consistently shown a considerable in- 
crease, lasting for as long as a minute 
or two. A typical tracing of this is 
shown in Fig. 9 in which the increase 
in volume for the small middle lobe of 
the right lung is equal to 0-5 c.c. of 
blood. It is possible that this sustained 
rise of pulmonary pressure in the cat 
is due partly to pulmonary arteriolar 
constriction which does not show ine 
tracings of the lung volume because of 
constriction of the pulmonary veins; 
or because of increased output from 


simultaneously, in which case it would 


be comparable with the preliminary 
transient rise in pulmonary arterial 


pressure seen in the dog. The outflow & Ot reap: Mung volume 


and Shows typical effect of 
from the pulmonary veins, however, is — histamine into jugular 


much increased, which means that a 
greater volume of blood is passing mong the lungs. 


Protocol. 

Cat. A.0,8,, urethane, artificial respiration. Vagi cut. Record of the outflow from the 
main vein of the right upper lobe of the lung. An interval of 2 sec. elapsed between the 
observations. Each reading represents the blood counted as drops in 8 sec. 

Before. 20, 20 histamine 0-5 mg. given intravenously. 

After. 32, 29,27, 

Experiments of this kind made on the living animal must mean an 
increased output from the right heart, and this would explain the rise 
in pulmonary arterial pressure, and increase in lung vascular volume 
and pulmonary vein outflow. It is known that the isolated heart of the 
cat responds to histamine, in great dilution, by considerable acceleration 
and augmentation (7,9); and Dale and Laidlaw showed that, although 
the rate is slightly slowed in the intact animal, the output per unit 
_ time is increased. They do not state, however, over what range of doses 
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_ gives no indication of the relative efficiencies of the right and left om 
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_ this holds true. Riihl on the other hand insists that 1 mg. of hista- 
_ mine causes cardiac dilatation and weakness. We have obtained both 


these effects: very small doses of histamine may slightly increase the 
cardiac output; larger doses always cause dilatation of the heart as 
shown by the cardiometer method, and when the blood-pressure falls 
considerably ‘the heart dilates. These cardiac effects are illustrated in 
Figs. 10 and 11 and prove that part of the “shock” condition may be 


iSlamins | 


Fig. 10. | | Fig. 11. 


histamine into femoral vein. 


Fig. 11. Cat. Art. resp. and B.P. Left ventricle as recorded by Cushny’s levers. Shows 
the effect of histamine administered by the jugular vein. Time, 1 cm. =25 sec. 


cardiac in origin. In view of this it might be suggested that it is im- 
possible to explain the changes in the pulmonary circulation by assuming 
an increased activity of the right side of the heart. But the cardiometer 


of the heart; it measures the sides cardiac output. 
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The explanation is, we believe, essentially the same as that to which | 
we have already drawn attention in the case of adrenaline. Histamine 
in its dilator action on coronary vessels is peculiar to cats. The coronary 
flow is greatly increased and a considerable amount of blood is short- 
circuited from the left to the right heart. This effect in itself willtend to 
lower systemic pressure and to raise pulmonary pressure; and the in- 
creased flow, we believe, is sufficient to acéount for the increased pul- 
monary circulation. But this does not explain the whole difficulty: it 
does not, for example, explain why the right heart is able to deal with 

the increased blood at a time when 
the left heart is showing signs of 
failure. In this connection it is worth 
while considering the comparative 
effects of injection of the drug: upon 
the right and left auricular pressures. 
The right auricular pressure (Fig. 10) 
rises a little at first, at the most 
about 10 mm. of half-saturated 
sodium sulphate, and this rise is 
followed within 30 seconds or 80 
by a similar fall below normal, 
occurring at a time when the 
cardiometer tracing shows that the 
cardiac output has not returned to 
normal. On the other hand the left 
auricular pressure (Fig. 12) rises 
steadily for over a minute after the 
injection. Now there is no question 
of embarrassment of the left ven- 
tricle from back-pressure due to 
rising peripheral resistance, since 
the peripheral resistance is dimin- 
ished. The rise in left auricular Fig. 12 Cat Art. Left auricle 


resp. 
pressure taken through the middle lobe 
pressure must, therefore, be due of the right lung and n.r. Shows effect 


to weakness of the left side of the 
heart and inability to cope with the increased blood flow through the 
lungs. We have shown that the latter effect occurs which signifies that 
the right side of the heart is efficient. The evidence suggests that the 
persistent increase in left auricular pressure means that the left side of 
the heart is unable to discharge the increased amount of blood which 
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_ renders them more permeable, the increase in pulmonary volume may 


_ plays relatively little part, at all events in the immediate effects of 


_ the marked constriction of hepatic veins after histamine, so character- 


sure, but in any case, like ourselves, he thinks that contraction of the 
‘ven hepatice in the liver of the cat is insignificant compared with 
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it is receiving from the right side; in other words the left heart shows 
signs of failure before the right. 
Tt has been suggested that, since histamine dilates capillaries and 


be explained by accumulation of fluid poured out by the lung capillaries. 
This view, however, is untenable because the lung volume quickly 
returns to normal after injection and we have never observed pulmonary 


A diminution in the amount of blood returning to,the right heart 


histamine on the pulmonary circulation in the cat, provided that the 
dose is small, not exceeding 0-2 mg.; and this agrees with the view that 


istic a feature in the dog, is insignificant in the cat(2,3). Moreover, the 
effects of any tendency to venous constriction in the systemic or portal — 
circulations is overshadowed, at least for a time, by the very marked 


increase in coronary flow which is an important feature in determining 


the action of histamine in the cat (9). Nevertheless, pressure experiments 
show that some additional resistance to blood flow in the portal cir- 
culation also occurs in the cat after larger injections of histamine (1 mg. 
or more) because the portal pressure rises at a time when the right 
auricular pressure is lower than normal; it is true that this is balanced 
for a time by increased coronary flow, but in view of the very consider- 
able rise in portal vein pressure after large doses (30-40 mm.) this must. 
certainly be of some significance (Fig. 13). Feldberg() also records 
this effect on the portal vein pressure, but regards it as variable as he 
sometimes gets diminution and sometimes augmentation in portal pres- 


that in the dog: his records show that he used not more than 0-2 mg. 
histamine. | 

The fall in right auricular pressure which occurs late in the action of 
the drug, even though slight, must mean diminished filling of the 
auricle (Fig. 10) and shows that these two factors, portal constriction 
and coronary dilatation, balance one another very closely, the coronary 
factor being the more important earlier and the portal later: the portal 
factor is pronounced after large doses. 
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The rabbit differs from both the dog and cat in its reaction to hista- 
mine. This is shown in the first place by the behaviour of the blood- 
pressure, which may either rise, fall or show no change. Dale and 
Laidlaw(7) stated that if anesthesia is light there is a fall in blood- 
pressure. They considered that this was due probably to diminished 


Fig. 13. | Fig. 14. 


Fig. 13. Cat. Portal pressure obtained by placing a cannula into a side branch (splenic) 
of the main vein. B.P. Shows the effect of histamine injected into the jugular vein 
on two occasions. 

Fig. 14. Rabbit. Art. resp. Pulmonary artery pressure and B.P. Shows effect of injecting 
histamine into the jugular vein. Time, 1 cm. =25 sec. 


intra-thoracic pressure produced by bronehial spasm, and to constriction 
of the pulmonary arterioles. We are not satisfied that the depth of 
anesthesia is the determining influence of a rise or fall in blood-pressure : 
in most of our experiments full anesthesia under urethane has lasted 
for at least 1 hour before the drug was injected. Often the period was 
longer than this because of the necessary operative procedures, yet we 
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found the occurrence of a rise or fall in blood-pressure quite irregular 
from animal to animal, though the same type of response was obtained 
to successive injections in the same experiment. We consider the varia- 
tion to be dependent on individual susceptibility to the drug. 
Histamine constricts both arteries and veins, though veins the more 
readily, and in much more dilute solutions (10). Histamine also dilates 
capillaries, either by constricting the veins or by some unknown type of 
action on the capillary walls. In the rabbit the arterio-motor effect is 
usually the more obvious at first and the blood-pressure rises; in the cat 


- the capillary-dilator effect is much the more pronounced, though even 


in this animal the adrenaline-like rise in blood-pressure can still be 


obtained by injecting histamine in.very large doses. 


Histamine produces a very marked increase in ‘silat arterial 


pressure (Fig. 14). The curve shows two phases: immediately after in- 


jection there is a rapid rise which is succeeded by a rapid fall approxi- — 


mately to the pre-injection level: the whole of this phase is completed 
within 30 seconds after the injection, and before the blood-pressure 


shows any recovery in those experiments in which a fall has occurred. 


During the rise of blood- “pressure the pulmonary artery pressure also 


rises again, the maximum rise usually representing about 35 to 40 mm. 


__ of half-saturated sodium sulphate solution, and this level is maintained — 
- for several minutes and always _ after the systemic pressure has 
_returned to normal. 


The immediate rise in pulmonary pressure is accompanied by a 


considerable decrease in the volume pulse as portrayed i in lung- -volume 


tracings (Fig. 15). There is usually no decrease in the vascular volume, 
and this might suggest that pulmonary arteriolar constriction is not the 
explanation of the rise in pulmonary pressure. It was pointed out, many 
years ago, that in certain animals rigidity of lung tissue (lungenstarrhert) 
masks this change in volume; and this we believe to be the explanation 
of the present observations. In experiments on vascular volume in 
animals where lung rigidity is considerable, a diminution in volume 


pulse has thé same significance as a decrease in vascular volume. The 


diminution of volume pulse occurs immediately after injection and 
before any detectable change in the blood-pressure is seen, which sug- 
gests that the effect is local, produced during the passage of the 9 
through the lung vessels. - 

— also diminishes the venous outflow from the polameary 
veins, 
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Protocol. 
Rabbit, ether, urethane, artificial respiration. Record of blood flow from the main vein 


: of the right upper lobe. The reading represents the amount of flow in 15 sec. 2 or 3 sec. 


Before. 1-5 ¢.c., 1-4 ¢.c. histamine 0-5 mg. injected intravenously. 

After. 0-8 ¢.c., 0-8 ¢.c., 0-7 1 ¢.¢., lo.c., c.c. 
During this rise in pulmonary pressure the right auricular pressure 
(Fig. 16) rises to a moderate degree, and then falls slowly to normal 


Fig. 15. ‘Rig. 16. 
Fig. 15. Rabbit. Art. resp. Lung volume of lower lobe right lung, and B.P. Shows effect 
of injecting histamine on two occasions. Note diminution of volume pulse. Time, 
1 cm. =25 sec, 


Fig. 16. Rabbit. Right auricular pressure and B.p. Shows effect of injecting histamine into 
femoral vein. Time, 1 cm. =25 sec. 


levels. At this time records of the heart, as measured by the cardiometer, » 


show comparatively small changes, if the dose of histamine injected is 
moderate. Often at first a small increase in output occurs, but it is 
never very decided (Fig. 17 a); often the heart shows a slight dilatation, 
which is not due to any rise in blood-pressure because it may also occur 
when the blood-pressure falls. Large doses always produce some degree 
of cardiac weakening, and this is well shown in Fig. 178, where the 
cardiac dilatation is pronounced. These effects are not quite the same as 
those seen in the isolated heart (9) where augmentation and acceleration 
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of the beat are pronounced, and it is suggested that the difference may 
be due to pulmonary constriction leading to dilatation of the right heart. 
We have determined, by direct visual observation, that such right 
heart dilatation occurs, This explains the small degree of dilatation of the 


Fig. 17. Rabbit. Art. resp. Cardiometer and 8.p. Shows the effect of injecting 
| histamine on two occasions. Time, 1 cm. =25 sec, 


2 heart which usually occurs after moderate doses of histamine and which 
= is equally marked whether the blood-pressure rises or falls. Moreover, 
. in experiments upon the intact animal, the cardiac features of the action 

of histamine can be simulated by artificial obstruction of the pulmonary — 
circulation produced by clamping some of the pulmonary arterioles. 
Histamine diminishes the blood flow through the coronary vessels 

of the rabbit (9), and no doubt this is partly responsible for the rapid fall 
in pulmonary pressure which succeeds the initial rise. 
The delayed and prolonged phase in pulmonary arterial pressure also 
occurs in the period during which a diminution of the volume pulse of 
the lung is present: throughout both this and the initial rise in pul- 
monary pressure a decided diminution in the outflow from the pulmonary 
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veins is evident. These facts demonstrate that constriction of pulmonary 
arterioles is the explanation at this phase of the rise in pulmonary pres- 
sure, just as in the case of the initial rise. The fall in pressure which 
occurs between the initial rise and this delayed rise in pressure gives 
a false impression that constriction of the pulmonary arterioles occurs 
_ in two distinet phases. This is probably not the case, since the return of 
the pulmonary pressure to normal between the two phases can be — 
accounted for by temporary diminution in coronary flow and temporary 
embarrassment of the right side;of the heart, which signifies that the 
coronary effect is more temporary than the pulmonary. This fact can be 
demonstrated on isolated organs. The constriction of the coronary 
vessels produced by histamine in an artificially perfused heart lasts just 
so long as the histamine is passing through the coronaries(9). The con- 
striction of the pulmonary vessels produced by histamine in the arti- 
_ ficially perfused lungs, using the Brodie-Dixon method, continues for 
a considerable time after the histamine has ceased to pass through them. 

The left auricular pressure shows practically no alteration under 
histamine in the doses employed in these experiments, though very 
large doses of histamine, which cause very decided cardiac weakening, 
also produce a rise in left auricular pressure, but this action is unimportant 
and entirely secondary to the cardiac effect. 


CoNCLUSIONS. 

These experiments show that the action of histamine presents great 
differences in the dog, cat and rabbit; some of these can be explained by 
gross anatomical differences, but in others the explanation is more 
difficult, since the same type of structure in different animals responds 
to histamine differently. Deductions therefore made on the basis. of 
experiments carried out on one species do not hold in regard to others. 

In the dog the venw hepatice are provided with thick muscular 
coats and are very sensitive to histamine. This action of histamine by 
limiting the return of blood to the right heart is responsible for all the 
pulmonary changes which we describe. In the cat and rabbit Mautner 
and Pick showed that liver obstruction is of little moment. Other views 
have been expressed by Ganter and Schretzenmayr(2) in opposition 
to those of Dale and Pick. 

In the cat the action of histamine on the pulmonary circulation i is 
exactly opposite to that on the dog. Histamine dilates the coronaries 


_ of’ this animal, whilst it constricts them in the dog and rabbit. This 


dilatation accounts for the increased right auricular pressure and the 
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| PULMONARY CIRCULATION: HISTAMINE. 17 
wien congestion of the whole pulmonary circulation, including 
increased blood-flow into the left auricle. We think that, in the later 

BF stages of the action, when the right auricular pressure falls, some 
| retardation of blood through hepatic-portal veins occurs which causes 
shown. , 

In the rabbit, like other abeerrers we obtained no evidence of dam- 
ming back of blood in the liver. The right auricular pressure remains 
raised during the entire. action of histamine, in contrast with the dog in 
ay ) _ which it-is lowered throughout, and in the cat in which it is first raised 
and then lowered: The action of histamine in the rabbit is thus mainly 
determined by its effect in constricting the pulmonary vessels. 

We hope to demonstrate the ation of histamine on the i : 
on later occasion. 
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‘THE MEASUREMENT OF RED CELL VOLUME. 


By ERIC PONDER anp GEORGE SASLOW, 
(Washington Square College, New York Unwersity.) 


REcENTLY it has become increasingly clear that some discrepancy exists 
between the value for the average volume of the red cell as calculated 
from its various dimensions and the value yielded by the hematocrite 
method and other methods of measuring volume directly. In the case 
of the human red cell, for example, these latter methods give values of 
from about 70yu* to about 100y%, whereas the average computed value 
lies between 90y° and 95°. It is obviously impossible to attach any 
meaning to this difference of result, unless the methods for estimating 
volume directly are at least as accurate as the method of computing 
volume from measurements of the various dimensions. This paper, 
accordingly, is concerned with an investigation of the possibility of 
obtaining consistént and accurate values for volume by a direct method. 


ON EXISTING METHODS, 


__ , The average volume of @ single red cell may be obtained from the 
expression Volume of red cells per mm,* of blood 
Volume = Number of red cells per mm.* of Blood’ 
the denominator: of which is easily found by making a red cell count 
in the usual way The methods used for finding the volume of the red 
cells per mm.* of blood fall into at least six categories: (i) those methods 
which employ various forms of hematocrite, (ii) refractometer methods, 
(ii!) methods in which the blood sample has added to it a known quantity 
of a substance, such as a dye or glucose, the concentration of which can 
be estimated after mixture with the plasma of the blood sample, (#) 
conductivity methods, (v) viscosity methods, and (vi) the colorimetric 
method proposed by Stewart(1), The first point for consideration is 
the extent to which each of these methods can be expected to provide 
us with an accurate measurement of cell volume, 
(i) The difficulty which presents itself in connection with all hemato- 
crite methods is that the value for the red cell volume which they supply 
| cp on the rate of revolution of he hematocrite and on the time 
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: for which spinning is continued. A criticism of the method from this 
point of view will be found in a paper by Millar@), in which an-example 
is given which shows that, as the rate of the hematocrite is increased 
from 4350 r.p.m. to 11,600°r.p.m., the percentage volume of the cells 
decreases from 39 to 35 p.c. The fact that the observed volume varies 
with the rotational speed of the hematocrite, together with the fact that 
such variation is usually unrecognized, may account for the great dis- 
crepancies in the results obtained by various workers for the percentage 
volume of cells in human blood. These estimates range from 60 p.c. 
(Capps) to 35 p.c. (Millar()). There may be some rate and time of 
centrifuging which provide us with the true cell Tt but this par- 
ticular rate and time are unknown. | 
_ The modifications of the hematocrite method: in which the blood is 
first diluted with an “‘isotonic fluid” and then centrifuged are open to 

= all the objections of the original method, and to a more serious objection _ 
” in addition, for the results obtained depend very largely on the nature 
. and on the isotonicity of the fluid added and, contrary to what might 
appear at first sight, it is difficult to obtain an “isotonic fluid” which 
will leave the cells unaltered in shape and in volume. Solutions of NaCl, 
the various salines, and sodium citrate, although commonly employed, 
are certainly not suitable for the purpose, Further reference will be 
made to this point below. 

(ii) The refractometer method consists in measuring the refractive 
indices of plasma and of an isotonic saline solution, diluting the blood 
with equal volumes of the saline, mixing, centrifuging off the cells, and 
determining the refractive index of the diluted supernatant plasma. 
ie A formula is then applied which assumes that if j, is the refractive index 
e of the plasma, jz, the refractive index of the saline, and jp, the refractive 
index of the mixture, | 

( i.e. that when the plasma and saline are mixed in equal proportions, 

- the refractive indices are additive in the ordinary sense. This metliod 

= be objected to on at least two grounds. : 
(a) Refractive indices as a rule are not additive, for the relation 

Pa» and ps, instead of being that given above, is generally 


whit P1, pg and p, are the densities of the two components and of the — 
resulting mixture respectively. The utility of the refractometer method 
depends entirely on which of these two expressions, if either, is correct, 
2—2 
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practice. From a theoretical standpoint there is little to choose between 
them, for the first has no theoretical basis, while the second has been 
dedueed for mixtures of crystalloids and quite probably does not apply 
to colloidal systems at all; from a practical standpoint, however, ex- 
pression (2) may be at once rejected in such cases as we are considering, 
for the value of yu, is extremely sensitive to the values of p,, p, and pg 
which cannot be determined with the necessary degree of accuracy. The 
only problem, accordingly, is to ascertain the extent to which expression 
(1). applies to the mixtures under consideration. . 
. To do this we havé measured the refractive indices of mixtures of 
plasma and 0-85 p.c. NaCl, and of. mixtures of plasma and 1-5 p.c. 
sodium citrate, varying quantities of plasma, from 1 ¢.c. to 0-1 c.c., 
being added to 1 ¢.c. of the NaCl or of the citrate as the case might be. 
In Fig. 1 some of the results are plotted, cutve 1 showing the relation 
of the reading of the refractometer to the quantity of plasma in the case 
of the NaCl solutions, and curve 2 showing the corresponding relation 
in, the case of mixtures of plasma and sodium citrate. The accuracy. 
with which the readings can be made may be judged from the general 
lie of the points,.and it is necessary that they shall be made. to five 
places in the index of refraction, which entails very careful work. 

If we assume that the refractive indices are additive, and calculate 
the refractive indices which should result from the addition of various 
quantities of plasma to 1 c.c. of 0-85. NaCl, we find that the calculated 
points do not agree with the observed ones; for example, in the figure, 
the point marked with a double circle on curve 1 gives the observed 
refractive index for a mixture of 0-6 c.c, of plasma with 1 c.c. of 0-85 
NaCl, while the point marked with a triangle gives-the calculated index _ 
for the same mixture on the assumption that expression (1) applies. _ 
The difference between the observed index (134507) and the calculated 
index (1-34148) corresponds to a difference of about 20 p.c. in the red 
cell volunie. Errors of similar magnitude affect other calculated points 
both on curve 1 and on curve 2; the refractometer method, when in- 
volving calculation by such formule as (1), is accordingly cane cooned 
accurate for the estimation of red cell volume. . _ 

(6) There still remains the possibility of using curves such as bbe: 
in Big:-1 as calibration curves, and of finding the quantity of plasma in 
which the cells are suspended by adding a measured quantity of saline 
to a measured quantity of blood, finding the refractive index of the 
diluted obtained by centrifuging, and discovering from previously, 
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prepared calibration curves what quantity of plasma, when mixed with 
the measured quantity of saline, would give the observed refractive 
index in the mixture. If an attempt is made to ascertain the percentage 
volume in this manner, the second error of the method becomes apparent, 
for the result obtained depends largely on the particular kind of saliné 
used for diluting the blood. This will be seen by an inspection of the two 


_ & Fig. 1. Ordinate, percentage volume of cells; abscissa, reading of refractometer. 
points marked by squares in Fig. 1, the one’ obtained by diluting the 

blood with an equal volume of 0-85 NaCl and the other obtained by 
diluting the same blood with an equal volume of 1-5 p.c. sodium citrate. 
In the first case the percentage volume is 36-5, which is very low; 
examination of the cells under the microscope, however, revealed a 
possible reason for the small cell volume, for the cells were considerably 
crenated. In the second case the percentage volume found is 44-0: 
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Examination of the cells revealed some “cupping,” but otherwise the 
normal shape was retained, As has been remarked above, no fluid (other 
than serum or plasma) can be said with certainty to produce no change 
_in red cell volume when added to blood, and it is certain that the 
“isotonic fluids” commonly used in hematology are not sufficiently 
isotonic to warrant their being used in determinations such as these. 
_ (iii) The third method referred to is one in which blood is diluted 
with saline and in which the glucose in the plasma and in the diluted 
_ plasma is estimated by chemical methods. This method is open to the 
objection mentioned under (6) above, and depends entirely on the red 
cell being completely impermeable to glucose; this complete impermea- 
bility, however, is not always present. The modification of the method, 
in which a dye i is added to the blood and its concentration in the plasma 
determined, is also open to the objection _— the dye may enter or ' stain 
the suspended red cells. 

(iv) The conductivity methods of measuring percentage volume 
originally proposed by Stewart(1) afid recently brought to a high state 
of perfection by Fricke(4), have’ the disadvantage that they depend 
on formule which apply to ideal célls of spherical or of spheroidal shape. 
For this reason they cannot be ‘used for deferinining percentage volume 
with any great degree of accuracy. 

(v) Viscosity methods, as used by Suzuki) and others suffer 
from the disadvantage that the blood requires to be diluted with large 
quantities of an “isotonic fluid.” The measurement of viscosity can be 
carried out with a high degree of accuracy, but the preliminary dilution 
of the blood frequently results in an alteration in the volume of the 
cells, 


(vi): The method to be mentioned is the miethod 


proposed by Stewart, which, for reasons not altogether obvious, has 
fallen into some disuse. This will be fully described below. 

It will be obvious from this brief summary of existing methods that 
the determination of percentage volume is not so simple as is ‘usually 
believed, and this conclusion will be considerably strengthened by a 
comparison of the values which have been obtained... Such a comparison— 


is by no means easy to make, for it seems to be quite exceptional for _ 


investigators in this field to state their experimental conditions fully, 
e.g. the rotational speed and time of spinning are rarely mentioned in 
hematocrite experiments, and many observers give figures for per- 
centage’ volume without corresponding figures for the red cell. count. 
Some of the ee collected in 
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to tabulate. 
A. Hematocrite methods. 


| Volume of pee 
Observer single cell, Details 
apps Blood without anticoagulant 
Bie and Moller@) 82 “Fast centrifuge, short time” 
Gram and 86 Hirudin, criterion; 3000 
r.p.m.; 7 cases 

a,b ese 90 Isotonic dilution, 12,000 r.p.m. for 5 min. 
87 Isotonic dilution, constant volume 

Bénnin 92 4000 r.p.nt.; time and end-point unstated 
90 Bonninger s hematocrite 

92 Bénninger’s hematocrite 

Froelioh(3) 91  _Bénninger’s hematocrite 
Haden(4) kee 92 r.p.m.; ,30 min.; 20 cases 
v. Boros(i5) 91 Bénninger’s hematocrite 
Jorgensen and 86 Koeppe'’s criterion 
Osgood(7) 82 constant volume; 45001 

Millar@) .. ma bee 70 Constant volume volume; 16,000 r. ake 
Limbeck(9) 68, 
Hamburger(20) ... 8 

B. Calculation methods. 
Volume of 


Observer single-call, x? 
Emmonsds) Col rated ae oflinder of 2 
Ponder@4,30) From measurement of spherical forms 


‘Volume of 
Observer single cell, j*- Details 


Considering. that these are as average soluines 
human erythrocytes, they show unexpectedly large differences, e.g. the 
highest and lowest average values differ by 30 p.c., and were almost 
any. one observer.to apply ordinary tests for significance to the results — 
of nearly all the rest, he would be entitled to reject the latter. There 
may. be several reasons for this, e.g. the number of experiments per- 
formed by any one observer may have been too small, or the differences 
in method may account for the differences in result; it is obvious, at 
all events, either that determinations of average red cell volume are pot 
nearly so consistent as they are generally _— to be, or that the 
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| IL METHODS EMPLOYED. 
| In this investigation three methods have been used; the. first, the 
colorimetric method, to provide an accurate figure for red cell volume, 
and the second and third, the hematocrite method and the method of 
‘direct — for the purpose of pene a — with 


‘the first.. 
Colorimetric method. 
The features of this method are in 


paper, but, since success in its use depends on attention to a number 
of minute details, we propose to describe it as.employed by us. f 

About 35 c.c. of blood are required, which is obtained from the 
carotid artery im the case of small animals (without..the use of an 
anzsthetic) or from an arm vein in the case of man, An anticoagulant 
is needed, and either potassium oxalate, heparin, or hirudin is satis- 
factory. About 25 c.c. of blood are centrifuged in order to obtain plasma, 
which must be hemioglobin-free; of this want 13 o.c., and 
a little more, Gequired. 

‘About 2 c.c. of blood are frozen by immersion in a mixture of CO,, 
snow and acetone, the tube in which it is contained being tightly 
-stoppered. The blood is then thawed, and the completely hemolysed 
blood centrifuged vigorously i in order to free it from ghosts. The clear 
solution of hemoglobin in plasma which results from this process is 
then diluted in the proportions of. about 1 to 15 with plasma. In this 
way a dilute solution of the animal’s own hemoglobin in its own plasma 
is obtained ; this dilute solution is again vigorously centrifuged to remove 
= remaining cell fragments, and is then ready for use (solution A). ° 

A 5 ¢:c. burette, divided into 0-02 c.c. divisions, is filled with the 
animal’s blood, the filling being earried out by means of suction through 
a tube attached to its upper end}. A small sample of blood is run out 
for the purpose of making the red cell count, 5 0.c. of blood is then 
delivered into a centrifuge tube, the delivery taking 5 minutes. This 
period of time is long enough to permit almost complete draining from 
the walls of the burette, and at the same time is too short to. igtroduce 
| errors due to sedimentation, The delivery. of the 5 c.c. of blood may be 


| epperatn that for making the red cll count, mast by cal 
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made with a maximum error of 0-4 p.c. After the delivery, — 
— sample is run out for a duplicate red cell count. 

- From a similar burette 3 c.c. of plasma are delivered in an identical 
manner into a second centrifuge tube. . 

From a third burette, 5 c.c. of the dilute solution of hemoglobin in 
plasma (solution A) are delivered (a) into the 5 c.c. of blood referred to 
above, and (6) into the 3 c.c. of plasma, to form solution B. The contents 
of both tubes are.mixed by gentle shaking, and the tube containing the 
mixture -of blood and solution A is gently centrifuged until a clear 
supernatant hemoglobin solution results. This supernatant: fluid is 


_ pipetted off and centrifuged vigorously to remove completely the few 


cells which it may contain. The resulting solution (solution C) now 

contains @ solution of hemoglobin in plasma (solution A) diluted with 

that quantity of plasma which is contained in 5 c.c. of blood. ss 
Five c.c. of solution € is pipetted into a 100 c.c. flask, the pipette 


having first been rinsed with the solution and the time and conditions 
of delivery being fixed. The volume of 100 c.c. is made up with 1 p.c. 
‘HCl. Solution B is treated similarly, the 5 c.c. being delivered from the 
same pipette under the same conditions. Two solutions of acid hematin 


result, one, the “standard,” from solution B, the other, the “ unknown,” 
from solution C, These are allowed to stand. for 30 minutes before Atte 
matched in the colorimeter. 

The colorimeter used is of the wiicendbabosic: Sens but: is fitted 


with an eyepiece from a Newcomer colorimeter. This eyepiece contains 


a plate of glass of a colour complementary to the yellowish brown of 
acid hematin, and any inequality in the colour of two acid hematin 
solutions appears as a more or less intense gray shading of one or the 
other halves of the blue field. The use of the Newcomer eyepiece 
permits the matching of two acid hematin solutions with an accuracy 
far greater than that which can be attained with an ordinary colori- 
meter, provided that certain precautions are observed. (a) The solutions 


_ to be matched must be of nearly the same concentration. In the above 


method this is ensured by solution B’s being prepared by mixing the 
solution of hemoglobin in plasma with about the same quantity of 
plasma as exists in 5 c.c..of blood. (6) Both solutions should be of a 
concentration for which the accuracy of colour matching is greatest. In 
the above method the concentration of acid hematin is about the same 


- as that for which the Newcomer colorimeter is designed, i.e. that 


resulting from the treatment of normal human blood. (c) The readings 
must not be made until the acid hematin solutions have stood for 
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30 minutes. (d) The readings should be made in a dark room, and the 
eye of the observer should be dark adapted; further, the scale readings 
should not be made by the observer himself, since this proceeding dis- 
turbs his dark adaptation. Under these circumstances, the instrument 
is capable of the following typical performance, the same two samples 
being matched by two observers, and ten readings being taken by pa 
with the ‘“‘standard”’ solution set at 20 mm. : 
Observer 1: 21-5, 22-0, 21-9, 21-8, 21-8, 21-4, 21-4, 21-7, 21-3, 21-6 

_. Observer 2: 21-4, 21-5, 22-1, 21-4, 21-1, 21-6, 21-9, 21-9, 21-4, 21-5. 

‘The average of the first series is 21-64 and of the second 21-58, while 
the standard error of the mean‘is. + 0-07 in the first:series and + 0-09 
in. the second. A difference of twice the standard error of the mean in 
two series of ten readings each, i.e. of + 0-14 to. + 0-18, corresponds to 
a difference of + 0-4 to + 0-45 p.c. in the percentage volume occupied 
by the red cells. Such a difference is unlikely to occur, so the process 
of matching the solutions may be considered as contributing an error 
of considerably less than 1 p.c. to the method as a whole. ; 

Since the standard (uct at 20 mm.) is the result of adding 3 0.0. of 
plasma to’5 ¢.c. of solution A, the number of c.c. of plasma present. in 
5.c.c. of blood can be directly calculated from the reading of the unknown 
in relation to the standard, and hence the percentage volume occupied 
by the plasma can be found. Bablrsotion from 100 gives the percentage 
volume occupied by the cells. - 

’ The average volume of the individual erythrocyte is obtained from 
this figure together with the figure for the red cell count. The cell count 
is carried out in the usual way, but about 3000 cells are counted, and 
precautions are taken to see that the count obtained from the first 
sample of blood agrees with that obtained from the second to within 
+ 2 pc. The only way of testing the reliability of the red cell count is 
to ascertain whether the distribution is that of a Poissgn’s series (27); 
this has been done on several occasions, and the results show a close 
agreement. between the observed series and that expected, the value of 
the statistic (4, — being less than 0-03. Under these circum- 
stances, the estimate of the number of cells in the blood may be regarded 
as correct to within + 1-8 p.c. The average volume of the single red 
cell is found by dividing the percentage volumdlfer mm.* by the red 
cell count per mm.*, and, from the above considerations, the error of 
any one determination of individual cell volume may be expected to 
be less than + 3 p.c. 


"This method has certain peculiar advantages, for no step ie subject 
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to considerable error, the extent of every error is known, the cells are 
not subjected to deformation, and there can be no question regarding 
the isotonicity of the solutions uséd nor of injury to the cells by the 
addition of foreign substances, since no substances are added except 
the animal’s own plasma and hemoglobin. Before we regard it‘as entirely 
satisfactory, however, we have to dispose of two possible sources of 
_ error, (@) that some cells. hemolyse when the solution of hemoglobin 
in plasma (solution A) is added to the blood, thus liberating additional 
hemoglobin and making the red cell. volume appear too great, and (b) 
that some of the hemoglobin of solution A is adsorbed by the red cells 
of the blood, thus making the red cell volume appear too small. The first 
of these possibilities has been mentioned by Stewart. himself, and has 
always been regarded as a possible error of the method; it is not difficult, 
however, to carry out an — which disposes of both pies 
at the same time. | 

A determination of red cell volume is out as described 
above, and with it two duplicate determinations in which the hemo- 
globin solution in plasma (solution A) contains different concentrations 
of hemoglobin. .The usual composition. of solution A is 1.c.c. of hemo- 
globin from laked blood plus 15 c.c. of plasma; in one duplicate experi- 
ment solution A is made by adding 3 c.c. of hemoglobin from laked 
blood to 15 c.c. of plasma, and in the second by adding 0-15 c.c. of 
hemoglobin to the same volume of plasma. The blood is accordingly 
mixed with three different concentrations of hemoglobin in plasma in 
the three paralle! determinations, each of which provides a value for 
red cell volume. To give the results of a particular experiment, the values 
found were 55-3yu*, 55-33, and 56-53, although the concentration of 
the hemoglobin solution added to the blood was three times as much 
in the first case as in the second and seven times as much in the second 
as in the third. The fact that a constant figure for volume results from 
the use of such different concentrations of hemoglobin, together with 
the fact that the addition to blood of the plasma in which the hemo- 
globin is dissolved results in no hemolysis, indicates either (i) that the 
addition to the blood of a solution of hemoglobin in plasma produces 
no lysis, or (ii) that such an addition produces the same amount of 
lysis irrespective of the concentration of hemoglobin (the hypothetical 
lysin) added. Obviously, the second alternative may be rejected in 
favour of the first, and by a similar kind of reasoning objection (6) may 
de set aside also. 2 
Finally, it is most important that the cells of the sample of blood 
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should be examined under the microscope after having been mixed with 
‘the dilute hemoglobin solution, in order to be certain that their normal 
form is preserved and that no step in the earlier procedure has resulted 
in the appearance of crenation, With proper precautions this rarely 
‘occurs; when it does, however (as by the addition of too much antico- 
-egulant, for example), the resulting error may be serious, In one case, 
as an illustration, we obtained 49,5 as the average volume for rabbit 
erythrocytes; this volume differs so much from the mean value of other 

observations (57-9p° with a standard deviation of 2-0u*) that it would 
be rejected on the application of Chauvenet’s criterion. Inspection 


of the cells revealed considerable crenation, which perhaps accounts for — 


‘the result, determines that the shall be 


(2) Homatocrite methods.:° 

“the ordinary type of hematocrite is not satisfactory i in an sila 
tion of the effects of different speeds and times of spinning on red: cell 
: ‘volume, for the motor which drives the hematocrite head must either 
‘be geared to give high speeds or must be itself a series-wound high speed 
‘motor; highly geared instruments, however, are usually both dangerous 
‘and incapable of maintaining a uniform speed of rotation fora prolonged 
period, while the speed of series-wound motors cannot be reduced by 
the insertion of resistances and at the same time be kept constant. 
Instead of constructing a hematocrite which can be driven at various 
rates, we have, accordingly; constructed a series of three heematocrites 
‘each of which runs at one constant speed, the first at 1700 r.p.m., = 
second at 4000 r.p.m., and the third at 14,000 r.p.m. : 

The hematocrite heads are of the usual type, but take ipitacy 
tubes 100 mm, long. Each is directly attached to the shaft of a motor 
which revolves at the desired speed; the motor is bolted to the floor 
_ so that its shaft is vertical, and the entire apparatus is-surrounded by 
a heavy iron shield with a movable cover. ‘The hematocrite tubes 
consist of pieces of glass capillary tubing 100 mm. long, with a diameter 
of 5 mm. and a uniform capillary diameter of about 1 mm. Owing to 
the great: centrifugal force to which the tubes may be subjected, the 
bottoms are sealed off instead of being closed in the usual way. They are 
easily filled with blood by means of a very fine capillary pipette, and 


readings of the height of the column of or be made 
to +.05 mm. or to + 05 p.c. 
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(3) Volume by calculation, 

“The volume may be obtained in two ways from the measurements 
of the various dimensions of the cell: | 

(a) The cells may be immersed in 0-85 p.c. NaCl and placed Satiieen 
a slide and coverslip. Under these circumstances they assume the form 
of spheres without undergoing any apparent alteration in volume. The 
volume may be calculated from the radius of the sphere, which is found 
either by direct measurement or by measurements from diffraction 
patterns. The errors which affect this method are such as tend to make — 
the figure obtained for the cell volume rather larger than it should be, 
for the spherical cells show slight Brownian movement. 

(6) The volume may be calculated by applying Pappus’ theorem (28) 
to the cross-section of the cell, obtained by photographing cells on 
edge in serum or plasma. In view of the fact that the exact position 
of the cell edge with respect to the diffraction band which surrounds 

my it is not known with certainty, this method cannot be regarded as 
highly accurate, and only by measuring a large number of cells with 
every precaution against error can even correct 

volume be obtained. 

: IL RESULTS. 


ay Colorimetric method. 
(a) Rabbit blood. 
’ By application of the colorimetric method we bare obtained the 
following results for the volume of rabbit red cells: ‘ ba ei 
V 


Volume Red cells 
Animal (p.c.) per mm.? x 10-¢ 
4 35-17 5:90 60 
585 
7 33°40 5-97 56 
35-92 6-03 60 
35-92 6-64 55. 
10 32-86 5-88 56 
ll. 31-66‘ 5°59 
12... 32-59 5-96 


This figure is not intended to: represent mean value for: the red cells of rabbits 
generally. Before such a value could be obtained, we would require to have figures for 
the cell volume in. various breeds of rabbits and for the cell volume at various times of 
year. In relation to the latter point, our experience has been rather curious, for all the 
measurements made between June 1929 and January 1930 fell within the range indicated 
by the above table, but all the observations made during March of this year on rabbits 
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_ The visiniion in volume between the red cells of individual rabbits 
is rather small, and perhaps less than might be expected from the 
variations in mean diameter (about + 0-2,). 

In view of the fact that Osgood (17) has stated that thé ‘use of oxalate 
diminishes the volume of red cells by 35 p.c., we have used lithium 
oxalate as an anticoagulant in the case of the first eight rabbits, and 
heparin or hirudin in the case of the last four. The mean of the first 
eight values is 59-0u*, and that of the last four 55-7 5u*; this difference 
is suggestive but, in view of the small number of cases, is probably 
of no real significance. Since the point is of considerable practical 
importance, however, we have carried out some duplicate determinations 
on human red cells, heparin being used as an anticoagulant in one 
determination, and oxalate in the other. In a typical case (H. A. C.) 
the two results obtained by the colorimetric method were 82-63 with 
oxalate and 82-5y° with heparin; by the hematocrite method, on the 


other hand, at a speed of 4000 and using K oeppe’s criterion, the results — 


were 84-9u° for oxalate and 86-9u° for heparin. This would appear to 
confirm Osgood’s statement, but, using oxalate and spinning at 14,000 
‘until Koeppe’s criterion was reached, the cell volume was found to 
be 79y*; the difference between the results when two different speeds 
of rotation are used is accordingly greater than the difference obtained 
by the use of the two anticoagulants, even if Koeppe’s criterion is 
used as an end-point. Osgood's result may thus be understood in the 


light of the variability in hematocrite determinations, which will val 


further discussed below. 
(0) Human blood. 
The following results were by the spplication of the colori- 
metric method to human blood: 
Volume Red cells Vol | 
Man  (p.e.) mm.,* x single coll, 
J. F. Y. wie 51-46 5-64 91 
J. McL. 49-87 -§63 89 : 
C. K, ... 49-46 5-97 83 
G. 8. see 43-75 5-37 82 ; 
H, A, C. 44-77 5-41 83 
J. D. K. 5-56 88 
49-25 85. 
G. L. Q. 49-43 5-37 92 
DMA, 50-18 6-14 $2. 
A. L. B, eee 47-90 4-97 = 


fromm the same source gave values fully 10p* greater: 
grate than those mado during the summer and Whiter 
months. Tt is not at all improbable that such variations are seasonal. . 
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- The average percentage volume accordingly corresponds to 43-5 per 
5,000,000 cells, which is appreciably higher than Osgood’s value of 
40-8. 

In all the above cases the blood was obtained by venous puncture, 
whereas in the case of the rabbit and sheep it was obtained by cutting 
the carotids. The venous blood, however, becomes thoroughly oxygenated 
in the course of the procedures employed, and the cell volume therefore 
approximates to that which would be found in arterial rather than in 
venous blood. 


(c) Sheep blood. | 
‘The colorimetric method gave the following typical values. 
| Volume  Redcellsper Volumeot 

Animal (p.c.) x single 

45-20 13-59 
2 42-25 14-51 29 

3 32-10 10-40 31 

45-52 16-85 


‘There are no reliable figures with which thes results can be compared. 
(2) Heamatoorite method. 
(a) Rabbit blood. | 

In ixivestigating the hematocrite method we sisi two variables: 


' (i) speed of rotation, and (ii) time of spinning, and also two possible end- 


points, (a) the appearance of K oeppe’s criterion (a transparency in the 
column of blood, as if laking had occurred) @9), and (b) the appearance 
of no further change in volume on continued spinning beyond the time | 
stated. The results, accordingly, require to be presented in a complex 
form, In the table below are shown the following data for each of 
three speeds of rotation, 1700, 4000 and 14,000 r.p.m.: (i) the cell 
‘volumes, A, C and H, where Koeppe’s criterion is used to determine 
percentage volume, (ii) the time in minutes taken, at the particular 
speed, for Koeppe’s criterion to appear, (iii) the cell volumes, B, D 
and F as obtained by centrifuging to constant volume, (iv) the time 
taken for constant volume to be attained. Columns are also added 
showing the cell count and the cell volume as determined colorimetrically. 

The percentage volumes may be calculated from —_ date (Times are ' 
in in minutes.) 
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Speed 1700 r.p.m. 4000 14,000 r.p.m. 


§ 603 60 >100 — >100 — 10 8 30 52 26 & 22 62. 
10 5-88 70 59 >9 — 8 56 30 5 5 & 20. 54 
ll 659 57 90 69 90 63 2 62 26 62 6 60 6 60 
12 596 55 100 61 >100 — 26 60 36 60 4 60 «68 60 
14 676 49 60 58 90 58 16 56 5 8 3 56 630. «55. 


From.these data we can draw the following conclusions: (i) A rota- = 
tional speed of 1700 r.p.m. with 100 mm. tubes (equivalent to about = 
2000 r.p.m. with the tubes customarily employed) is insufficient to give 
accurate percentage volume readings either by Koeppe’s criterion or 
by the attaining of constant’ volume. (ii) At none of the speeds investi- 
gated is there a satisfactory:agreement between the volumes found and 
the volume obtained colorimetrically, for the former values are sometimes 
10 p.c. too high and sometimes 10 p.c. too low. (iii) Koeppe’s criterion 
usually appears before the attainment of constant volume, but the 
former end-point is no better guide to the volume obtained colorimetrically 
than the latter’, 

‘One further conclusion may be drawn from these experiments, The 
common method of using the hematocrite is to spin the tubes at a given 
speed for a constant time, ¢.g. 10-20 minutes, and to take the percentage 
volume then obtained as correct. Inspection of the table below, in which 
- the time is given in minutes required for the attaining of the same 
percentage volume as determined ROY, will show wah this 
a has no foundation in fact. 


1700 r.p.m. 4000 r.p.m. 14,000 r.p.m. 
“Rabbit (ain) ain) 
8 90 1-2 
9 _ >75 — 
ll > 90 >36 
12 > 100 746 


curate determination of cell volume, the method may be useful for the approximate deter- 
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The table shows quite clearly that there is no one time of spinning, 


_ at any one of these speeds, which gives the correct percentage volume, 


No single set of conditions, accordingly, can be defined to. make the 
hematocrite method adequate for the accurate determination of per- 
centage volume in rabbits’ blood or for the determination of the average 


In this connection it should be observed that we are entitled to 


_ expect a closer agreement between a colorimetric determination of cell 


volume and a hsmatocrite determination on the same blood than 
between two independent colorimetric determinations (assuming the 
hematocrite method to be adequate). The reason for this is that the 


_ largest error in the colorimetric method is due to unavoidable inaccuracies 


in the red cell count; if, however, the same cell count is used in both the 
colorimetric and the hematocrite method (as it is in the above table 
and the tables following), the greatest error is eliminated; we have, then, 
to consider only the errors inherent in the colorimetric determination of 


_ percentage volume. As has been already pointed out, these errors are 


not greater than + 1-0 p.c.; the results of the hematocrite method may, 
therefore, be considered as differing significantly from those of the colori- 


metric method if the difference exceeds this value. 


(6) Human blood. 
_ The following table shows some typical results obtained. 


Speed 1700 r.p.m. Speed 4000 r.p.m, Speed 14,000 r.p.m. 


C.K, 507 83 120 8 120 8 15 8 2 8 3 8 15 80 
G.8 537 82.120 87 100 87 15 83 35 81 3 8 2 79 
EL 578 8 100 82 100 82 12 81 45 80 3 8 2% 79 
DMA. 614 82 90 82 90 82 12 80 30 78 3 72 9 77 
Means 550 864 — — — — 15 8 38 88 4 8 2 8 


Again we see (i) that the speed of 1700 r.p.m. is inadequate, (ii) that 
at no speed is there a satisfactory agreement, by either of the criteria 
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used, between the colorimetric value and the hematocrite value, and 
(iii) that neither the appearance of K oeppe’s criterion nor of a constant 
Volume is a satisfactory end-point. - . 

Inspection of any row, or of the averages, moreover, gives clear 
evidence that compression takes place as the cells are spun for longer 
times and at higher speeds, so that the volume is progressively reduced. 
The compression at high speeds varies from about 3 p.c. to about 15 p.c., 
and thus approaches the difference obtained by Millar between the 
usual volume and the volume obtained by prolonged centrifuging at 
high speeds. The way in which this compression arises is rather obscure, 
but the forces involved are more considerable than appear at first sight. 
In a 100 cm. hematocrite tube spinning at about 14,000 r.p.m., the 
mass of the packed column of cells which may be imagined to be pressing 
downwards on a lowest cell is equivalent to about 7 milligrammes, and 
_ this mass, so far as the lowest cell is concerned, is applied to an area 
of less than 100u*. The average pressure on the cells of the column, 


accordingly, can be calculated to be about six atmospheres, and as great : 


as the osmotic pressure in the cell itself. This pressure is quite great, 
but if we calculate, on rather dubious assumptions, how much water 


the cell would have to lose to produce an osmotic pressure equal and — : | 


opposite to it, we find the loss to work out at only from 1 to 2 p.c. of 
volume; this is, of course, insufficient to account for the 10 to 15 p.c. 
volume difference observed. It can be shown, however, that some 
hemolysis occurs in the column of blood which shows Koeppe’s 
criterion or constant volume, and, although it‘is difficult to see the 
relation between the pressures developed and the lysis which takes 
place, the latter occurrence probably accounts for the observed com- 
pression. 

As important as: the hemolysis as a complicating factor in the 
hematocrite method is the varying degree of rouleaux formation which 
is met with in the blood of different animals or even in that of different 
_ members of the same species. It will be obvious that the extent of rou- 
leaux formation must affect the form of packing which the red cells 
undergo, and the completeness of the packing after any given time at 
any given speed, This factor is uncontrollable. If blood is used without 
an anticoagulant, as advocated by Koeppe himself, partial coagulation 
occurs, and affects the percentage volume obtained. Usually the volume 
is too great (eg. Capps, vee 
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(c) Sheep blood. 
1700 Speed 4000 r.p.m. ‘Speed 14,000 r.p.m. 


| 
bd bd 


- Superficially, these results | seem more consistent than in the case of — 


the rabbit and of man, but they are not really so. The discrepancies 


are relatively as great as before, and the hematocrite method as mnsatis- 
(3) Volume by calculation. 


(a) Volume of spherical forms. 

The most reliable calculations of the volume et red cells in the 
spherical form are those published in a paper by Kermack, McKen- 
drick, and one of the present authors 0); the figures there given for 
the red cells of man, the rabbit, the ox, and the sheep were obtained by 


photographing the cells in 0-85 p.c. NaCl (in which solution the spherical 


form is assumed between glass surfaces), determining the radius of the 
spheres, and thence the volume. The results may be compared with 
those obtained by the colorimetric method. 


87 

Rabbit 70 58 
eee 48 44 
Sheep 30 30 


_ The agreement is good, except in the case of the rabbit. The figures 
for the volume of the spherical form usually tend to be rather high, 
but this is to be expected for two reasons: (a) the cells are suspended in 
0-85 p.c. NaCl, which is probably hypotonic, and (b) the measurements 


of diameter always tend to be too great rather than too small, by reason 


of diffraction bands at the cell edge. More accurate values, indeed, 
could probably be obtained by the use of the diffractometer. 
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(b) Volume by Pappus’ theorem. 

As a basis for these calculations we use the figures shisady published 
by one of us(5) for the various dimensions of the cell as found by 
photographing it in the edge-on position. From the measurements of 
these various dimensions a scale drawing of the cross-section of the 
cell can be made, and its volume found by Pappus’ theorem. 


Volume Volume p*, 

Animal Pappus colorimeter 
Rabbit see eee 55 58 
Sheep ses 30 30 


* "This is the mean volume for the cells of E. P., J. MoL., J. F. Y., G. 8. and H. A. C. 
It is exceedingly laborious to determine red cell volume by direct measurement, for which 
zeasons the number of such determinations made is small. 


Considering the difficulties attendant on the measurement of red cells 
in cross-sectional view, this correspondence is remarkable, and there 
seems to be no great discrepancy between the values obtained from 
photographic measurements and those obtained - a direct measure- 
ment of volume. : 

CoNCLUSIONS. 


1. A colorimetric method is described, by means of which the average 
volume of the mammalian red cell can be found, with a maximum error 
in a single determination of + 3 p.c. | 

2. A comparison between the colorimetric method and the hemato- 
crite method, in which rate and time of spinning are varied, demon- __ 
strates the inadequacy of the latter method for the accurate determina- 
tion of cell volume. : a 
_ 8, The average volumes of the red cells of several mammals, as 

found by calculation from direct measurement of the various dimensions, 
agree satisfactorily with the volumes determined by the colorimetric 


method. 


4, The refractometric method of determining the average volume 
of the red cell is shown to lead to erroneous results. 


We wish to thank Mr Charles Krevisky for carrying out a great 
many hematocrite determinations. 
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STUDIES ON OVULATION. Il. The effect of hypo- 

physectomy on the formation of the corpus luteum. . 

By RUTH DEANESLY (Mackinnon Student of the Royal Society), ss 
LATE A, R. FEE 

A, 8. PARKES (Beit Memorial Research 


(From the Department of Anatomy and Embryology, and the Department of 
Phystology and Biochemistry, University College, London.) 3 


| I, InrropuctTion, _ 

In the preceding paper (4) it was shown that hypophysectomy in the 
rabbit within about 1 hour after copulation inhibited the ovulation 
which would otherwise take place-at 10 to 12 hours post coitum. Hypo- 

physectomy later than 1 hour after copulation failed to affect either the 
occurrence or the time relation of ovulation. Under these conditions, 
therefore, it is possible for ovulation to take place in the recently hypo- 
physectomized animal, and opportunity is afforded to study the forma- 
tion of the corpus luteum from the ruptured —* in rg absence. of 
the anterior pituitary body. 
_ Since the anterior pituitary body exercises a ree detiol over 
the ovarian cycle (, 8, 9), and extracts of the hypophysis will produce 
luteinization of the Graafian follicle @), it was expected that the develop- 
ment of the corpus luteum would be abnormal in the hypophysectomized 
animal, The method of hypophysectomy (by partial decerebration) 
limits the time available for studying the growth of the corpus luteum 
after the operation, but it will be shown that, during the first 36 hours 
after copulation, development of the corpus luteum proceeds normally. 


II, MATERIAL AND TECHNIQUE. 


Hypophysectomy. 

The excision of the hypophysis was carried out as previously de- 
scribed (4) by removing the front of the head; a cut was made from just: 
behind the temporo-mandibular articulation to the posterior angle of 
the eye. Control operations, as before, were carried out by transecting — 
the brain at the same level, without shelling out the pituitary body 
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HYPOPHYSIS AND CORPUS LUTEUM. 


from its fossa. An additional control series of young corpora lutea, were 
obtained from normal intact animals. Three series of animals are there- 
fore available for comparison: (a) hypophysectomized and decerebrate, 
(b) decerebrate only, and (c) normal. 


, Experimental procedure. 

The females were generally kept alone for 2 to 3 weeks before any 
attempt was made to mate them. Since rabbits will copulate at other 
times than cestrus, a unilateral laparotomy was usually performed 
immediately after copulation to examine the state of the ovaries. The 
animals were anmsthetized with urethane, and then with ether (and 
atropine) at the actual time of the operation. Following decerebration, 


urethane was given as required. 


In the earlier experiments hypophysectomy was performed up to 
10° 50’ after copulation, but subsequently the operation was carried 
out as early as possible compatible with ovulation taking place, i.e. 
1° 30’-2° 00’ after copulation. Hypophysectomy at this time presum- 
ably frees the developing corpus luteum from any influence of the anterior 
pituitary. No attempt was made to establish the time of ovulation in 
the experimental animals. It has previously been ascertained that the 
time is reasonably normal in such preparations, and it was considered 
desirable to avoid all unnecessary manipulation. The age of the corpora 
lutea was calculated from 12 hours after copulation. Of the thirty 
operated animals, four failed to survive till ovulation time, and of the 
remaining twenty-six, one failed to ovulate’, Twenty-five operated 
or in addition to seven normal intact ones, are thus available. 


Pieces of the ovaries containing young corpora lutea were fixed, as 
a routine, in Bouin’s fluid. Additional similar material from six selected 
rabbits was fixed in Flemming’s fluid with acetic and (with one exception) 
in Ciaccio’s fluid. These six rabbits comprised two normal, two decere- 
brate with pituitary intact, and two decerebrate without pituitary; 
one of each type was killed 24 and one 36 hours after copulation. 

‘Sections through corpora lutea fixed with Flemming were mounted 
unstained in Farrant’s glycerine medium to show the osmicated fatty 


substances, and after Ciaccio fixation sections were stained in Sudan III 


1 The proportion of animals ovulating is probably greater than that found after 
copulation in the intact animal, This anomalous result is accounted for by the elimination 
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or Scharlach R. and similarly mounted. Corpora lutea were also stained 
in iron hematoxylin followed by eosin or Van Gieson, and mounted in 
Canada balsam. Sections were cut serially at 7, and the cell size, fat 
granulation, etc., in corresponding parts of corpora lutea from normal 
and decerebrate rabbits, were compared directly by means of a Reichert 
microscope attachment which enables slides under two similar micro- 
_ scopes to be focussed into the same field. 


III, EXPERIMENTAL RESULTS. 

Since it seemed desirable to obtain the latest possible developmental 
stages of experimental corpora lutea, the animals used in the initial 
experiments were allowed to live as long as possible. From one of these 
experiments ovaries were obtained nearly 51 hours after copulation— 
approximately 48 hours after hypophysectomy. Ovaries taken from 
animals so long after decerebration were found, however, to be abnormal, 
presumably owing to partial circulatory failure during the latter part 
of the experiment. | 


Tastz I, Normal corpus luteum material. 


Time of au Approximate age 
No. of after co of corpora lutea 
- animal (hr, min.) (hr, and min.) 
VPL 2 ‘ 17.30 5.30 
VPL 4 18.00 6.00 
VPL 9 24.10 12.10 
APC 25 33.45 21.45 
36.09 24.09 
APC 13 42.47 30.47 
APC 12 46.17 34.17 


The ovaries from APC 23 (decerebration without hypophysectomy) 
obtained 41° 27’ after copulation had ruptured follicles in an abnormal 
‘shrunken condition, similar to those of APC 5 (decerebration with 
hypophysectomy) obtained 50° 42’ after copulation. Both were 
different from the unoperated controls at the same stage. : 

It thus became evident that the limitations of the experimental 
technique made it impossible to study the development of the corpus 

luteum as long as two days after hypophysectomy. 

Since, however, very definite steps in the formation of the corpus 
luteum take place during the first 24 hours after ovulation, it seemed 
probable that some light might be thrown on the problem by killing the 
animals while still in good condition and by performing hypophysectomy 

at the earliest time compatible with ovulation taking place (i.e. 14-2 
hours after copulation). By this means it was hoped that the influence 
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1 ance IL. Rabbits decerebrated, but with pituitary intact. 
after after A 
+ or auto ppro ximate age 
No. of tion ti corpora | 
t . 0.15 
APC 21*. 3.30 12.30 0.30 
“APO 12 .. 3.05 14.50 2.50 
APOll . 2.40 15.10 3.10 
APC 26* . 2.10 15.45 3. » 
APO17 .. 6.45 * 16.35 , 
APC 20* .. 7.30 22.10 10.10 
APC 29 .. 2.05 24.05 12.05 
APO 10 . 5.40 27.30 15.30 
APC 28 . 1.58 36.08 24.08 
APC 24 . 40.45 28.45 
APC 23 . 3.07 41.27 29.27 
| * Not sectioned. 
a of the pituitary substances would be negligible after ovulation, and that 
l, no complications due to circulatory or other failure of the preparation 
t would occur. Series of animals were therefore decerebrated at 2 hours 
after copulation and killed at intervals up to 36 hours p.c., only rabbits 
in good condition at the time of killing being considered. Examination 
of these animals showed that the involution of the ruptured follicle and 
the initial stages of the formation of the corpus luteum were essentially 
normal even when the hypophysis had been removed 10 hours before 
ovulation. 
| Tastz III. Rabbits decerebrated and hypophysectomized. 
- | Time of decere- Time of death 
0. co co 
(br. and min.)  (hr.and min.) (hr. and min.) 
7) APO 27 eee 6.30 15.05 3.05 
APO 30 ... 1.30 16.00 4.00 
al APO 16* ... 4.35 16.40 4.40 
h APO 16*... 4.35 16.50 4.50 
APO #4 .. 10.50 17.00 5.00 
6.50 18.50 6.50 
APC 7 ose eee ; 4.25 20.40 8.40 a 
APO 35 ... 10.30 23.45 11.45 
al APOS1 . 2.10 24.00 12.00 
APC 8* ... 4.44 25.40 13.40 | 
18 APC 27 Lt. 2.02 28.02 16.02 
APC 27 Rt. 2.02 $6.02 24.02 
APC6 4.08 39.28 27.28 
1s . 2.57 50.42 38.42 
d 2 * Not sectioned. 
ry The development of the rabbit a luteum. 
2 = Corpus luteum formation in normal rabbits has been studied by 


ce - Cohn@), Marshall(6) and others. According to the literature, the lutein 
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cells are formed by the enlargement of the cells of the follicular epithelium, 
and the theca interna undergoes gradual reduction as vascularization 
proceeds. Specific theca interna cells of the kind described by Hill 
and Gatenby(, 7) and Corner@) in Platypus, the pig and man, are 
said not to persist in the fully formed rabbit corpus luteum. 

The developmental stages of normal material studied in connection 
with this work confirm the main conclusions of previous writers on the 
rabbit, and show. the active part taken in the vascularization by the 
theca interna. The full development of the normal corpus luteum was 
first studied in detail, and subsequently corpora lutea at 24 and 36 
hours after copulation were compared with the corresponding normal 
controls. Examination of various sections differently fixed and stained 
showed that there was no appreciable difference between the corpora 
lutea from the hypophysectomized and non-hypophysectomized decere- 
brate animals up to 36 hours p.c., though both showed a somewhat 
retarded development. | 

The youngest corpora lutea examined, VPL 4, were be 6 hours 
old (18 hours p.c.). The shrinkage of the follicle after the discharge of 
the ovum and liquor folliculi causes a thickening of both theca externa 
and theca interna. The former consists mainly of fibrous connective 
tissue, while the latter includes cells with large vesicular nuclei, others 
fibroblastic in appearance and others roughly intermediate. The theca 
interna cells in the rabbit differ from those of ordinary connective tissue 
only in the fat and lipoid granulations which occur in some of the cells 
of all types. Capillaries are present in both parts of the follicular wall 
but are more abundant in the theca interna; they are growing in among 
the lutein cells, and masses of free blood corpuscles are being discharged 
into the corpus luteum cavity. The lutein cells, previously the follicular — 
epithelium of the ripe follicle, have not yet begun to enlarge. 

Six hours later (24 hours p,c.) the lutein cells in VPL 9 show a general 
increase in size: the oval nuclei measure about 8-5u x 6-5y and the cell 
diameters range from 10 to 15y. The theca interna. cells have enlarged 
and contain more fat granules: spindle-shaped fibroblastic cells singly 
and in association with capillaries are pushing in among the lutein cells. 
Fine fat granules are present in some of the lutein cells and in the spindle 
cells, as well as in the large cells of the theca interna, 

Material of the same age was examined from the two decerebrate 
rabbits, APC 29 and APC 31, of which the latter was also hypophy- 
-sectomized. Ovaries from these animals contained corpora lutea essen- 
tially alike; the lutein cells, similar in size in the two decerebrate rabbits, 
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are smaller than those of VPL 9; actually, many of these cells are no 
- larger than those of the normal VPL 4, 6 hours younger. (The enlarge- 
ment of lutein cells in normal and experimental corpora lutea is not 
uniform at this stage; the largest cells are commonly those near the edge, 
in sections passing through the ovulation point.) 

In spite of their apparently retarded development, the corpora lutea 
in the decerebrate rabbits seem healthy and histologically normal; the 
theca interna is prominently developed and vascularization of the lutein 
cells is taking place, but fewer, spindle-shaped, fibroblastic cells—fore- 
runners of the vascular system—have penetrated the corpus luteum 
from the theca interna, though the latter is in an actively growing 
condition, The amount and distribution of fat and lipoid granules show 
no significant variation; APC 29 contains rather more fat in the theca 
interna than the normal VPL 9, and APC 31 contains slightly less. 


The corpus luteum at 36 hours p.c. 


In the untreated rabbit, VPL 8, the corpus luteum has a much reduced 

_ theca interna, no longer forming a complete sheath of fat-containing 
cells, The spindle cells springing from it have penetrated throughout 
the corpus luteum and are actively dividing. The average size of the 
lutein cells has increased, and they now measure about 17% x 10yu. — 
The fat and lipoid granulation shows little change. 

A comparison of the corpora lutea from the decerebrate eabbite 
APC 28 and APC 27 (the right ovary of the latter examined only after 
fixation in Flemming) showed that they were again essentially similar 
and of normal structure, but slightly under-developed in comparison 
with those of the untreated animal of the same age, VPL 8. In both 
APC 28 and APC 27 (hypophysectomized) the lutein cells are hardly 
larger than in the normal corpus luteum at 24 hours after copulation, 
and the vascular connective tissue network is less extensive than in 
VPL 8. 

Although decerebration appears to have caused a slight slowing 
down in the development of the corpora lutea the normal growth process 
has continued uninterrupted. The corpora lutea of the two ovaries of 
APC 27, removed 36 and 28 hours after copulation, show an advance 
over each other and over APC 31 in lutein cell size, and no significant 
differences from the normal in their fat and lipoid granulation, 


¥ 
* 
af 
& 3 
ng 
, 
ay 
a 
= 
® 
i 
re 
x 


44‘. DEANESLY, A. R. FER AND A. 8. PARKES. 


SuMMARY. 


1. Hypophysectomy in the rabbit immediately after copulation 
inhibits the ovulation which would otherwise take place within 12 — 
hours(4). Hypophysectomy 1 hour or longer after copulation does not 
inhibit ovulation, and thus corpus luteum development can be studied | 
in the absence of the anterior pituitary body. . 

2. It was found that the corpora lutea in hypophysectomized and 
non-hypophysectomized decerebrate rabbits were up to 36 hours p.c. 
essentially similar; both types were developing in the normal manner, 
but both showed a somewhat retarded growth in comparison with those 
_ of the untreated animal. - 

3. It should not necessarily be inferred from this result that the 
ultimate growth of the corpus — is independent of the anterior 


body. 


‘Tho expenses of thin work, were defrayed from » grant to A. 8. P. from the Medical 
Research Council. 

Our thanks are due to Prof. J. P. ee ee 
additional accommodation for animals, 
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612. 463.1 
WATER DIURESIS. 
By DAVID McK. RIOCH. 


(From the Department of Physiology, Johns Hopkins Medical School, and 
“he Department of Medicine, University of Rochester, 
School of Medicine and Dentistry.) 


Tue following experiments on water diuresis in dogs are reported here 
in order to call attention to the following points: (1) the constant lag 
of the diuresis behind the changes in the blood; (2) the constancy of 
the changes in the blood following the ingestion of isotonic salt solutions; 
and (3) the inconstancy of the changes in the blood following the in- 
gestion of water. These experiments were carried out in continuation of 
a series of similar experiments on humans [Rioch, 1927], as it was 
deemed desirable to use arterial blood and to take more frequent samples 
than would be feasible with the human subject. 

Methods, Large dogs, 12 to 36 kg., in good condition, were used, 
and their urine tested for albumin and casts. They were fed once a day 
-at-4,p.m. and were allowed water ad lib., except during the period of 

e experiments, at which times they received no fluids except that 
recorded in the protocols. Previous to the experiments they were 
_ gradually accustomed to handling and to the procedure, and during the 
experiments they were handled carefully, so as to avoid as far as possible 
any irritation or, emotional upset. No anesthesia was used, with the 
exception of an occasional local anesthetic (2-5 c.c. 3 p.c, novocaine) 
round the femoral artery in two of the larger dogs. These two dogs 
had to be held firmly during the taking of blood samples, but otherwise 
the animals readily learned to accept:the procedure without objection. 

Blood samples (approx. 10 c.c. each) were taken from the femoral 
artery or from the left heart. The blood was kept free from air in oiled 
syringes and injected under oil or under a layer of low melting paraffin 
' into centrifuge tubes. No attempt was made to maintain the original 
CO, tension of the serum after the separation of the cells, as control 
experiments showed that the loss of CO, from the serum did not appre- 
ciably affect the conductivity. The electrical conductivity was measured 
in specially constructed cells containing 1-5 to 2 c.c. by the Wheatstone 
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bridge method with an accuracy of 0-2 p.c. The dilution of the total 
solids was determined in some cases by the determination of the total 
nitrogen (Kjeldahl digestion), the non-protein nitrogen being disregarded 
and the results reported as total protein (error 1-2 p.c.). In later experi- 
ments exactly 1 c.c. of serum was measured into weighed crucibles with 
the same calibrated pipette, and dried at about 37° C. under a pressure 
of approximately 20 cm. mercury to constant weight (error less than — 
1 p.c.). Duplicate samples were run in each case. 

The urine was collected by catheterization with a large woven silk, 
urethral catheter, and the volume measured with an accuracy of 2 p.c. 
Care was taken to empty the bladder each time. 


RESULTS. 

Control experiments. One or more control experiments were run on 
each dog in exactly the same way as the experiments on diuresis, except 
that no fluid was given, and only three samples of blood were taken. 
A typical experiment is shown in Fig. 1. The results in all cases except 
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Fig. 1. Police dog. Aug. 15, 1928. 
. Conductivity of serum, recorded as percentage of initial sample. 


Rate of urine excretion in 0.0. per hour. 
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one were remarkably constant, and showed a slight, gradually i increasing 
concentration, both of the electrolytes and of the total solids in the 
serum. In one case the total solids were diluted as much as 5 p.c. in 
3 hours. There was no apparent explanation for this, though it must 
be said that the electrolytes behaved more ores than did the total 
solids in all. cases. 

Salt solution experiments. Four experiments on four different dogs 
were successfully completed. In two Locke’s solution was given, in one 
0-85 p.c. NaCl, and in one 1-0 p.c. NaCl. The results are illustrated in 
Fig. 2, the other three experiments being comparable. The conductivity 
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Fig. 2. Salt solution experiment. Dog “Liz.” June 2, 1924. 

Conductivity of serum, recorded as percentage of initial sample. 

—— mt Total protein of serum, recorded as percentage of initial sample. 

|” _ Rate of urine excretion in cubic centimetres per hour. . 
At “A” 700 c.c. of’Locke’s solution was given by stomach tube. 


of the solutions given was greater than that of the blood serum, although 
the solutions are ordinarily considered isotonic. In all cases there was a 
prolonged increase in the electrical conductivity of the blood serum, 
and marked dilution of the total solids. This increase in the electrical 
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conductivity is partially due to the dilution of the total solids with the 


consequent reduction in the viscosity of the blood serum, A moderate 
diuresis was present in each case, the form of the curve resembling 
that of a water diuresis in three cases. In the last experiment, however 
(1 p.c. sodium chloride), the diuresis rose much more gradually and 


maintained a prolonged plateau, resembling a saline diuresis. As shown 


in the figure there was a constant lag of the diuresis behind the changes 
found in the blood serum, although the fall of the diuresis tends to parallel 


the return of the blood to normal more closely than in the case of water 


diuresis. 
Water experiments. A total of ten experiments on eight dogs was 
performed. In two of the early experiments it was found that even 
gently restraining the dogs on the table was sufficient completely to 
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Fig. 3. Water experiment, Dog “Liz.” June 6, 1924. 
Conductivity of serum, recorded as percentage of initial sample. 
------ Total protein of serum, recorded as percentage of initial sample. 
___.| of urine excretion in c.c. per hour, 

At “A” 700 c.c. of tap water were given by stomach tube. 


inhibit the diuresis [see also Molitor, 1926]. When the dogs were allowed | 


_. at liberty on the floor, the diuresis pursued its normal course, In both 
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of these cases it was found that the return of the electrolyte concentra- 
tion of the blood to normal was delayed and that the total solids of the 
blood were diluted more than in other experiments. However, in the 
eight experiments in which no apparent complicating factors were 
present, wide variations in the results were obtained. The results of the 
two experiments showing the extremes are plotted in Figs. 3 and 4. 
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‘Fig. 4. Water experiment. Police dog. Sept. 13, 1928, 

——— Conductivity of serum, recorded as percentage of initial sample. 
-+e ee Total solids of serum, recorded as percentage of initial sample. 
___| Rete of urine excretion in c.c. per hour. 

At “A” 1700 0.0. of distilled water were given by stomach tube. 


The normal curve of a water diuresis shows a rapid rise starting 30 
to 45 minutes after the ingestion of the water, to its peak, on an average 
of 90 to 120 minutes after the ingestion, and an only slightly more 
gradual decline to the resting rate of excretion in 3 to 5 hours, In all 
cases there was a slight dilution of the serum electrolytes, minimum 
1-7 p.c.; maximum 5-1 p.c.; average 3 p.c. The greatest dilution of the 
serum electrolytes always preceded the maximum diuresis by 15 to 
20 minutes, and in several cases the diuresis continued for some time 
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after the concentration of the serum electrolytes had returned to normal. 
The total solids of the blood showed dilution in all the experiments, but 
the degree of dilution varied from that shown in Fig. 3, where it is less 
than that of the electrolytes,.to that shown in Fig. 4, where it is con- 
_ siderably greater and remains diluted in spite of the return of the elec- 
trolyte concentration to normal, and the drop of diuresis nearly to the 
ing level. 
Discussion. 


_ The oral administration of isotonic salt solution constantly causes a 
slight increase in the conductivity of the blood serum [Priestley, 1916], 
and a dilution of the whole blood [Priestley, 1916; Adolph, 1921; 
Marx, 1925; Rioch, 1927; and others], with a delayed, moderate 
diuresis [Priestley, 1916; Seyderhelm and Goldberg, 1926; Craw- 
ford, 1928; and others] or even with absence of diuresis [Adolph, 1923]. 
This indicates clearly that the marked diuresis following the ingestion 
of water is due to factors other than the passage of fluid from the intes- 
tines into the blood stream, or the dilution of the whole blood or of its 
colloidal constituents. 

On the other hand, the changes i in the blood following the ingestion 
of water are very inconstant, varying from an absent or an inconstant, 
slight dilution of the whole blood [Engel and Scharl, 1906; Macallum 
and Benson, 1909; Haldane and Priestley, 1916; Priestley, 1921; 
Veil, 1923; Rominger, 1925] to a marked dilution [Siebeck, 1919; 
Dresel and Leitner, 1928; Brahn and Bielschowsky, 1928; and 
others]. Marx [1925, 1926 6, 1927] and Marx and Mohr [1927] in a 
_ series of carefully controlled experiments found a constant dilution of 
hemoglobin which followed a peculiar diphasic curve. This dilution of 
the hemoglobin was independent of the amount of water taken, and 
Marx concludes that it is not related to diuresis. 

Priestley [1916, 1921] found in humans a dilution of electrolytes 
in the blood serum considerably in excess of the dilution of the total 
solids following the ingestion of water. Similar results have been recorded 
by Greene and Rowntree [1927], and by Fremont-Smith, Putnam 
and Cobb [1930]. Priestley suggests that water diuresis is due to 
hypotonicity of the blood plasma. Further evidence for this view is 
afforded by the fact that the intravenous administration of hypotonic 
saline to’ dogs produces a good diuresis [Davis, 1917; Fee, 1929 6]. 

The lag of the diuresis behind the greatest changes in the blood 
described above indicates that the mechanism is not one of simple filtra- 
tion. This latent period can only be due in small part to the time required 
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| for the passage of the urine from the tubules to the bladder, since 
3 | - phenolphthalein injected intravenously appears in the bladder in 3-5 

minutes. The larger part of the latent period may represent the time 
required for the kidney cells to become hydrated, as was suggested by 
Dr Marshall, or, in the intact animal, for the hypotonicity to effect the 
mechanism regulating the posterior lobe of the pituitary [Verney, 1929] 
| or some other nervous mechanism [F ee, 1929 a). The abolition of diuresis 
' _-by discomfort or irritation, the production of diuresis without giving 
water under hypnosis [Marx, 1926 a] and of conditioned reflex diuresis 
[Bykow and Berkman, 1927] indicate that the mechanism. is under 
extensive nervous control. There are: also many other factors, amongst 
which may be mentioned changes in blood-pressure, posture and the 
CO, combining power of the plasma. 

The possibility of an intestinal hormone described by Cow [1914] and, 
more recently, by Am bard and Schmid [1929], must also be considered. 
Such a theory fails to explain the difference in action of hypo-, iso- and 
hyper-tonic saline solutions. It also fails to explain the diuresis obtained 
from hypotonic saline given intravenously. Herrmann [1859] and 
Westphal [1860] obtained diuresis by giving water intravenously to 
large dogs. Failures to produce a diuresis by this means are probably due 
to the contraction of the caused the heemoglo- 
binemia [Reid, 1929]. 


SuMMARY. 

a 1. Administration of isotonic saline solutions to dogs Siatieniins con- 

| stantly gives a low delayed diuresis with slight concentration of the blood 
serum electrolytes, and considerable dilution of the total solids of the 
blood serum. 

2. Following the sdesinleteation of water perorally, marked varia- 
tions in reaction were found, especially in the degree of dilution of the 
total selids. The curve of diuresis, however, follows the changes of the 
electrolytes. | 

_ 8. There is a constant lag of 15 to 20 minutes of the diuresis behind 
the changes of concentration of the electrolytes in the blood. 

4. The dilution of the electrolytic concentration of the blood is 

_ probably the responsible factor in instigating a water diuresis. 3 
iG I should like to take this opportunity of expressing my thanks to 
a Dr E. K. Marshall, Jr., and to Dr Wm. 8S. McCann for the assistance 
i and advice they have so kindly given me with this work. 
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THE SELECTIVE VASO-CONSTRICTOR ACTION OF 
PITUITARY PRESSOR EXTRACT. 
By @. A. CLARK. 


(From the Physiological Department, Sheffield University. 
i. a number of experiments on anesthetized cats it was observed that 


the injection of the pressor fraction of posterior pituitary extract! 


_ invariably caused intense pallor of the intestine, and that the degree of 
blanching was much greater than that seen after an injection of adrena- 
_- line which produced an equal or even a greater rise in general blood- _ 
_ pressure. This last observation suggested that the redistribution of blood 
_ in the body following an injection of pitressin might differ from that seen _ 
after adrenaline. An investigation of the subject was therefore begun, 
using the plethysomographic methods already described in an earlier 
paper [1930]. The majority of experiments were made on cats anzsthe- 

tized with chloralose, but observations were also made on cats under 
‘ amytal or urethane anesthesia and on decerebrated cats; both vagi were ~ 
cut in all cases. 

_ Direct observation of the intestine shows that the blanching pro- 
duced by intravenous injection of pitressin is not accompanied by any 
obvious increase in tone or rhythmic movements of the gut; moreover, 
the pallor may last for the greater part of an hour after injection of 
0-1 c.c. pitressin, and the larger vessels may be seen to stand out pro- 
minently against the pale background. This prolonged effect of pituitary 
extract on intestinal vessels has already been mentioned in connection 
with earlier experiments dealing with the effect of pitressin on pressure 
in the portal vein [Clark, 1928], and it was suggested that pitressin 
restored the tone of vessels which had become unduly dilated by handling 
the gut. Plethysmographic records of the volume of intestinal loops 
confirm the impression gained by direct observation; intravenous injec- 
tion of pitressin reduces the intestinal volume, and the decrease persists 


1 The extract used throughout these experiments is that prepared and issued under 
to I am indebted for a liberal 


supply of the extract. 
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for a considerable time. Fig. 1 A shows this effect, and Fig. 1 B and C 
show that it is still evident after second and third injections of pitressin, 
although much reduced owing to tachyphylaxis. The difference between 
the action of pitressin and that of adrenaline is shown by comparison 
with Fig. 1 D where, however, the vascular dilatation in the intestine 
following adrenaline is less than that usually seen [Clark, 1930], pro- 
bably because the effect of the preceding injections of pitressin had not 
passed off at the time when the observation was made. 

Those who have observed the effects of extract of posterior pituitary 
in human beings have always been impressed by the intense pallor 


Fig. 1. Cat, chloralose. Both vagi cut. Top record: volume of hind limb below knee. 


Second record: volume of intestinal loop. Third record: blood-pressure. Lowest 
record: cardiometer. A. 0-1 c.c. pitressin at +, 4-0 p.m. B. 0-1 c.c. pitressin at +, 
3 4.30 p.m. C. 0-1 ¢.c. pitressin at +, 5.0 p.m. D, 0-01 mg. adrenaline at +. 
produced in the skin [Sacks, 1924; Lawrence and Hewlett, 1925], a 
_ phenomenon which might indicate a special predilection on the part 
of the extract for skin vessels, more especially as no great rise in general 
blood-pressure was seen after the injection of pituitrin in human beings 
[Sacks, 1924]. In anesthetized cats, however, plethysmographic re- 
cords of the volume of a hind limb below the knee (which includes a 
minimum of muscular tissue) show that pitressin has a relatively weaker 
vaso-constrictor action on the vessels of the skin and connective tissue 
than has adrenaline (Fig. 1 A and D). In some cases, indeed, the rise in 
: blood-pressure appears to overcome the constrictor action, so that an 
increase in volume occurs. This is particularly the case with second and 
subsequent injections (Fig, 2), but Fig. 2C shows that, if the blood- 
pressure is prevented from rising by the use of a Bayliss mercury 
compensator, pitressin produces a feeble constriction even after a third 
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injection. It seems, then, that pitressin definitely constricts the vessels in 
skin and connective tissue, but that there are factors more powerful than 
skin constriction producing the rise in blood-pressure; the most important 
of these is undoubtedly vaso-constriction in the intestinal area, but there 
are some cases in which increased cardiac output also plays a part. 
Sometimes an animal is found which appears to be particularly sensitive 
to pitressin as judged by an unusually great rise in blood-pressure; in 
such @ case (Fig. 2) it is found that the peak of the blood-pressure curve 
does not correspond to the greatest degree of vaso-constriction, as 
indicated by the lowest points on the volume records of limb and intes- 
tine, but the blood-pressure continues to rise after the volumes of limb 
and intestine have begun to increase pevend the lowest point. This 


| Nig 2 Cat, chloralose. Both vagi cut. Upper record: volume of limb below knee. Middle 


_ record: blood-pressure. Lower record: volume of intestinal loop. A, 0-1 c.c. pitressin 
at +, 3.35 p.m., synchronous points marked by short vertical lines. B, 0-1 c.c. pitressin 
at +, 4.05 p.m. C, Bayliss compensator in circuit. 0-1 c.c. pitressin at +, 4.50 p.m. 


phenomenon can only be due to increased cardiac output, for it will be 
shown below that the voluntary muscles contain more blood during the 
rise in blood-pressure produced by pitressin. Fig. 1 shows that some 
degree of increased cardiac output may occur after pitressin injection, 
but the usual effect of this substance is that seen in Fig. 3, which shows 
a temporary reduction in cardiac output; in some cases this is followed 
by a slight increase. It is possible that the type of cardiac reaction 
depends on the state of the heart and the amount of pitressin which 
reaches the coronary arteries compared with that reaching the periphery ; 
if a relatively insignificant amount enters the coronary arteries there 
will be little or no diminution in cardiac output, and if the venous return 
is improved the output may be increased. That the venous return is 
improved in some cases is shown by the coincidence of increase in pres- 
sure in the inferior vena cava with greater cardiac output; the rise in 
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venous pressure, however, is never great. It may be suggested that the 
increased cardiac output described above is due to contamination with 
histamine which has been shown to have this effect in cats [Dale and 
Laidlaw, 1910; Gunn, 1926], but all the experiments described in this 
paper have been done with the same batch of pitressin and both types 
of cardiac effect have been seen. 

Fig. 4 shows the effect of pitressin on the volume of a limb after the 
foot has been amputated and the skin removed; volume changes in this 
stump represent those of muscle, which forms the bulk of the stump. It 
will be seen that pitressin, like adrenaline, causes an increase in volume, 


‘Fig. 3. Cat, chloralose: Both vagi oul. Upper record: blood-pressure. 
i Lower record: cardiometer. 0-1 ¢.c. pitressin at +. 


which must be due to passive dilatation of vessels because, if the general 
_ blood-pressure is prevented from rising by means of the Ba yliss mercury 
compensator, as in Fig. 5, it is evident that pitressin produces a vaso- 
constriction in the vessels of muscle. A subsequent injection without 
the compensator in circuit increases the volume although the rise in 
blood-pressure is slight. It is interesting to observe that the diminution 
of volume produced when the compensator is in circuit (Fig. 5 A) lasts 
for some time after the volume of the circulatory system has returned to 
its original level as indicated by the mercury level in the compensator; 
this has never been seen after an injection of adrenaline. In the present 
series of experiments and in those previously recorded [Clark, 1930] 
it has been observed that adrenaline invariably causes some degree of 
dilatation in muscle, even with the Bayliss compensator in circuit. 
From the foregoing experiments it seems that pitressin exerts its 
most powerful vaso-constrictor action on intestinal vessels and its 
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Fig. 4. Cat, urethane. Both vagi cut. Upper record: volume of intestinal loop. Middle 


record: blood-pressure. Lower record: volume of skinned limb. A, 0-1 c.c. pitressin 
at +. B, 


Fig. 5. Cat, chloralose. Both vagi cut. Upper record: volume of intestinal loop. Middle 

_. record: volume of skinned limb. Lower record: blood-pressure. A, Bayliss compen- 
sator in circuit. 0-1 ¢.c. pitressin at t, 4.20 p.m. B, 
01 pitressin at +, 4.50 p.m. 
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weakint sitios on of voluntary of skin 
and connective tissue occupy an intermediate position. In the present 
state of knowledge it is impossible to decide definitely whether this 
regional selective activity is due to inherent differences in the vessels, 
or whether it depends on anatomical factors, because, included in the 
plethysmograph in these experiments are all types of vessel from artery 
to vein, and it may be that pituitary extract exerts an equally great 
vaso-constrictor effect on capillaries in all regions (except perhaps in 

voluntary muscle), while the dilatation which occurs to compensate for 
rise in blood-pressure takes place in the larger vessels, If this is the case, 
then the total volume of these larger vessels must be greater in the limb 
plethysmograph and less in that holding the intestine than the total 
volume of minute vessels in each case which respond to pitressin, for the 
decrease in volume below the knee may: be completely obliterated in 
some cases, a condition which has never been seen in the intestine after 
pitressin. It is known, of course, that there are relatively fewer capillaries 
in the skin, and probably in connective tissue, than in the intestine 
[Krogh, 1929], but nothing is known of the relative volume of the larger 
vessels supplying or draining these capillaries. It seems then that the 
_ question whether the difference in effect of pitressin in limb and intestine 
is due to some qualitative difference in the minute vessels in these regions, 
or whether it is merely due to anatomical conditions must for the moment 
be left open, Certain observations, however, suggest that the intensity 
of vaso-constriction in the skin is not great; for instance, Lewis has 
shown that the blanching action of pituitary extract is not sufficient to 
prevent the development of the “red reaction” although it shortens the 
duration [Lewis, 1927]. Again Sacks showed that pituitrin pallor could 
be temporarily dispelled by effort or by amyl nitrite [Sacks, 1924]. 


That there is no inherent improbability in the difference in effect in _ 


limb and intestine being due to a qualitative difference in the vessels 
affected is shown by the fact that intestinal vessels respond less strongly 
to adrenaline than do skin vessels [Clark, 1930], while Donegan 
demonstrated that veins draining the superficial parts of the body and 
those from the mesenteric area were constricted more strongly than 
those from the muscles [Donegan, 1921]. Moreover, according to 
Hartman, Evans and Walker [1929], the capillaries of voluntary 
muscle appear to differ in their reactions from those elsewhere, in that 
they respond by dilatation to a wide and varied range of substances 
injected intravenously, some of which produce constriction of capillaries 
in other parts of the Ts these authors found that pituitary extract 
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dilated muscle capillaries, and that its effect was practically the same as 
that of adrenaline. Plethysmographic methods, however, indicate that 
muscle vessels react differently to these two substances, adrenaline 
- causing an active dilatation [Clark, 1930], while pitressin has a feeble 
constrictor action; this difference is only evident when the blood-pressure 
is prevented from rising. 

The fact that adrenaline causes a greater decrease of limb volume 
below the knee than does pitressin is explained by the wider action of the 
_ former, which constricts arterioles, veins [Donegan, 1921] and minute 
vessels in skin [Hooker, 1920; Cotton, Slade and Lewis, 1917], 
whereas the action of preaitery extract is mainly, if not entirely, on the 
minute vessels. 


: SUMMARY AND CONCLUSIONS. 
Pituitary pressor extract (pitressin) given intravenously to cats, 
anesthetized with chloralose or decerebrated, causes a redistribution of 
blood in the body so that the intestine contains much less and the muscles 
contain more; the skin and connective tissues usually contain less, but, 
if the blood-pressure is greatly increased, may contain more. 

The increase in volume of muscle (and in skin and connective tissue 
when it occurs in the latter two tissues) is due not to active dilatation 
by pitressin but to the greater degree of constriction in the intestine 
together with, in some cases, increased cardiac activity. This increased 
cardiac activity is probably an indirect effect, produced by improve- 
ment in the venous return to the heart. 


I wish to express my thanks to Prof. Leathes for his interest in this 
work and to the Medical Research Council for a grant covering expenses. 
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STUDIES IN WATER DIURESIS. 


Part IV. The changes in the concentration of electrolytes and 
colloids in the plasma of decerebrate dogs aereay by 
3 the ingestion of water. 


L. E. BAYLISS THE tate A. R. FEE. 
(Beit Memorial Research Fellows). 


_ (From the Department of Physiology and Biochemistry, 
University College, London.) 


INTRODUCTION. ’ 


AssorpTIoN of relatively large quantities of water from the alimentary 
canal results, in normal animals as is well known, in diuresis. It is 
natural to suppose that this diuresis originates from the dilution of the 
tissues consequent to the addition of so much water, but this simple 
hypothesis has been rejected by many authors on two grounds. The 
first is that the existence of such a dilution has not been conclusively 
demonstrated, and the second is that the artificial production of a 
similar dilution of the tissue fluids by the intravenous injection of saline 
solutions (of almost any concentration), into anesthetized animals, does 
not produce a true flood diuresis. The alternative hypothesis, postulating 
the production of a special diuretic hormone in the wall of the alimentary 
canal whenever water is absorbed, is inadequate not only because the 
existence of such a hormone is still only hypothetical (the diuresis pro- 
_ duced by the preparations of Ambard and Schmid [1929] cannot be 
considered as in any way comparable to a true flood diuresis), but also 
because it fails to account for the absence of any considerable diuresis 
when the animal is. under the of narcotic or anesthetic 
[Fee, 1929, 1}. 

Having shown in an earlier paper of this series [Fee, 1929, q that 
a true flood diuresis could be produced in decerebrate dogs not only as 
a result of the absorption of water from the alimentary canal, but also 
as a result of the injection of 0-6 p.c. NaCl intravenously, it seemed to 
us that a re-examination of the concentration of the blood plasma in 
these cireumatanoes would be justifiable. 
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7 For several reasons it seemed advisable to estimate the concentration 
: of both the colloids and the crystalloids in the blood plasma. The former 
we estimated by determining the refractive index of the plasma in a 
Hilger refractometer of the Abbé pattern, and the latter by determining 
‘ the electrical conductivity of an ultra-filtrate. Determination of the 
2 electrical conductivity of the plasma, in addition, ‘gave us a second 
: estimate of the concentration of the colloids, since the difference between 
the conductivity of an ultra-filtrate and that of the plasma from which 
it is derived is determined by the colloid concentration of the latter. 
In general, we subtracted the conductivity of each sample of plasma 
from the mean conductivity of all the samples of ultra-filtrate, unless 
thése showed variations about the mean which were greater than 1 p.c.; 
this gave us a more accurate estimation of the colloid concentration of 
the plasma, but was only justifiable when the electrolyte concentration 
remained unchanged throughout the experiment, within the limits of 
error of the analysis. 
In a few early experiments the hemoglobin concentration of the 
blood was determined also, but this was abandoned later owing to the 
uncertainty introduced by possible contractions of the spleen. 
Ultra-filtration was performed in simple cellophane sacs made by 
tying a disc of the thinnest commercial brand, about 75 mm. diameter, 
on the end of a piece of glass tubing about 7 mm. diameter; a tight joint 
is easily made if a piece of thick-walled rubber tube is slipped over the 
glass before tying on the cellophane. About 4 or 5 c.c. of plasma were 
introduced into the sac and a pressure of 150 mm. Hg applied. (A new 
sac bursts at about 200mm. Hg, and an old one may burst at 150 mm. Hg, 
although this only happened once.) The sac was then supported in a 


funnel which formed part of a capillary tube, as shown in Fig. 1; elec- 
trodes, #, E, were inserted into each end of the tube, and the conductivity 
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of the ultra-filtrate measured as soon as enough had come through to 
fill the tube. The capillary tubes used held 0-25 .c., but they might have 
- ‘been made smaller with advantage. 

Ultra-filtration was continued. after the first determination. of the 
conductivity until enough fluid had come through in addition to refill 
- about half the capillary tube, the excess fluid being withdrawn by suction 
on the tubes S, S, and the conductivity determined again. If the two 
values so obtained differed by more than 0-5 p.c., a third determination 
was made in a similar manner. 

_ The apparatus was then standardized by means of M/10 KCI, the 
solution being inserted through the funnel and removed through the 
tubes S, S, the capillary tubes being thus thoroughly rinsed out. Plasma 
was then introduced in a similar manner, two independent readings of 
the conductivity being made. / 

A standard Wheatstone bridge citoait was used, fed from a 2-volt 
accumulator through a Whetham double commutator, the null point 
being estimated with the aid of a sensitive pointer galvanometer. The 
resistance of the conductivity cell in use was of the order of 10,000 ohms, 
while that of the ratio arms was 30 ohms, so that there was very little 
current passing through the electrolyte, and so very little risk of polariza- 
tion at the electrodes, even though these had, of necessity, to be small. 


Accuracy. 

iti of 1 p. c. in the conductivity of the plasma, of 1- 5 p-c. in 
that of the ultra-filtrate (electrolyte concentration), and of 10 p.c. in the 
difference between them (colloid concentration) were regarded as signifi- 
cant; a change of 3 p.c. in the difference between the refractive index 
of the plasma and that of a 0-9 p.c. NaCl solution (which has sensibly 
the same refractive index as the ultra-filtrate in all cases), was also 
sufficiently definite to be regarded as outside the limits of experimental 
error. We were able, therefore, to detect a change in colloid concentration 
of 3 p.c. and a change in electrolyte concentration of 1:5 p.c. 


OPERATIVE PROCEDURE. 

The dogs were anzsthetized with chloroform and ether, both carotids 
tied and cannulated, one for measurement of the blood-pressure, and the 
other for obtaining the blood samples; both ureters were then cannulated 
extra-peritoneally (in male animals) or a catheter passed (in female 
animals); and, usually, a central incision was made in the abdominal 
wall, and a loose ligature passed round a loop of small intestine (usually 
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duodenum), so that it could easily be brought to the surface for the 
insertion of the large needle used for the administration of water. (In 
some cases water, with a little sodium bicarbonate, was given by stomach 
tube.) Decerebration was then performed in the manner described in an 
earlier paper [Fee, 1929, 1). 


CoNnTROLS. 

In two experiments the operative procedure just described was per- 
formed and the animal subsequently left for some hours without intro- 
ducing any water, blood samples being taken at intervals. The results 
are shown in Table I. 


Taste I, 
Time 
after Conductivity index Blood-pressure 
decere- —  @xcess A 
Expt. bration Ultra- Differ. over Before After 
no. (hours) Plasma filtrate ence* saline sample sample 
9 1 110-3 1315 202 0-0147 175 175 
1 ll 256 00144 160 125 
110-5 20:0 00142 160 


It will be seen that variations up to 3 p.c. in the electrolyte con- 
centration and possibly 10 p.c. in the colloid concentration may occur, 
partly as a result of experimental inaccuracy, and partly as a result of 
mobilization of fluid consequent on the loss of blood which may take 
place during the operation and the withdrawal of the samples. (In many 
experiments, however, the loss during the operation amounted to less 
than 10 ¢.c.; 15 to 18 c.c. of blood were withdrawn for each sample.) The 
instrumental technique was not altogether satisfactory during the second 
control experiment, and the variations are probably larger than they 
ought to have been; this experiment is the only one in which the direction 
of the change in the colloid concentration as determined by the refracto- 
meter differed from that as determined by the electrical conductivity. 


EXPERIMENTAL RESULTS. 

These are presented in Table II. In the column headed “Calculated 
dilution” are included figures for the percentage dilution that would 
be expected if the amount of water given had been uniformly distributed 
throughout the tissues, the normal water content of a dog being reckoned 
as 60 p.c. of the body weight. 
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II. 


of initial values 
Urine flow Average 
rine 
pressure 
Expt. Electro- fs tive lated giving value initial and 
no. lytes index dilution water c,c./10’ rate variation 
1005 80 — 6-0 3-2 
5 
4-5t 115 £15 
15 7 87 8 0 —- } 1050 
14 95 1-7 5 
9% 8 8 34 10 13, 160410 
0-6 p.c. saline injected intra venously. 
1 105 80 8 9 j¢ 25 ca25. 
85 


1-0 1:3 155 +10 
¢ Cand E anzsthesia induced. 


f 


* Anuria before administration of 


Discussion, 


It will be seen from Table II that in every experiment the colloids 
became more dilute as a result of the ingestion of water, and that the 
magnitude of this dilution was approximately that which would be 
expected if the extra water had been uniformly distributed throughout 
the body. The concentration of the electrolytes, on the other hand, 
remained constant, within the limits of experimental error in four 
experiments, while in the remaining three experiments the change was 
definitely less than that of the colloids. This dilution of the colloids, more- 
over, took place whether diuresis occurred or not (diuresis undoubtedly 
occurred in four experiments, may possibly have occurred in one, and 
definitely did not occur in two). 


In two experiments 0-6 p.c. NaCl was injected intravenously at a 


rate of 300 c.c, per hour. In both of these dilution of the plasma colloids 
took place, the magnitude of which was approximately that expected. 
The concentration of the electrolytes, in this case, would be expected 


: 
is 
is 
4 
>= 
J 
a 
i 
a 
7 


WATER DIURESIS. 65 


to fall 2 p.c. only, so that the fact that the concentration was sliadty 
found to remain unchanged is not of great significance. In neither of 
these experiments was any diuresis observed, but it has been shown in a 
previous paper [Fee, 1929, 2] that similar injections of 0-6 p.c. NaCl 
are capable of giving rise to diuresis in decerebrate dogs. The reason for 
the variability in the response both to intravenous saline and to the 
absorption of water from the gut has not yet been investigated, but it 
would appear not improbable that it is connected with the exact level 
| at which the brain stem is divided. 
a Our results differ somewhat from those of Haldane and Priestley 
a [1915] and Priestley [1915]. These authors, working on human subjects, 
‘ found that ingestion of water resulted in a dilution of the total solutes, 
the total electrolytes and the chlorides of the blood, but that the hemo- 
NN globin concentration was unchanged; the reduction in the concentration 
| ___ of the chlorides was about that which would be expected if the added 
water was uniformly distributed throughout the body, but the reduction 
in the concentration of the total solutes was less than this. Underhill 
and Pack [1923], however, working on unanesthetized dogs, found that 
the hemoglobin concentration of the blood fell by approximately the 
amount expected. This we were able to confirm in our preliminary 
_ experiments both on unanesthetized and decerebrate dogs. __ 
Such a discordance between the results of different workers is not 
altogether unexpected. In the first place, determinations of the hemo- 
globin concentration are bound to be affected by the behaviour of the 
spleen. In the second place, our experiments are only explicable if we 
admit the existence of salt reserves [cf. Cannon, 1929], which may 
become exhausted, and it may be that in normal civilized life those of 
man are always exhausted. In the third place, the extent to which the 
colloids of the blood (which make up the greater part of the total solutes) 
may become diluted may be expected to be anything from zero to the full 
theoretical value, since the first effect of such a dilution would be to 
increase the formation of tissue fluid by an increased filtration through 
the capillary wall. Unless the average capillary pressure were reduced, 
or a hydrostatic pressure set up in the tissues, equilibrium would not 
be established until the whole of the excess fluid were transferred to the 
tissues. The fact that a dilution may be observed experimentally shows 
that either an equilibrium is brought about by the operation of one of the _ 
_. factors just mentioned, or that so great a flow of lymph is produced that 
the excess fluid is returned to the blood stream by the thoracic duct as 
fast as it is filtered off in the capillaries. | 
PH. LXX. | 5 
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The evidence would now appear to be almost conclusive that, in dogs, 
absorption of water from the alimentary canal results in a fall i in the 
concentration of the plasma colloids. The consequent increase'in the 
glomerular filtration pressure would probably be sufficient to account for 
the increased flow of urine that ocours in anesthetized and narcotized 
animals, and in our “unsuccessful” decerebrate dogs. The true flood 
diuresis that occurs only in the absence of narcotics and anssthetics 
must be set up as a result. of some more complicated reflex, initiated, it 
may well be, either by the dilution of the colloids, or the depletion of 
the salt reserves. 


SUMMARY. 
1. Absorption of water from the alimentary canal results, in de- _ 
cerebrate dogs, in a fall in the concentration of the plasma colloids, — 
which is approximately that which would take place if the extra water 
were uniformly distributed throughout the tissues. 
2. There may also be a fall in the electrolyte concentration of the 
plasma, but this is always less than that of the colloid concentration. 
3. Intravenous injection of 0-6 p.c. NaCl solution also results in a 
fall in the concentration of the plasma colloids of the expected magnitude. 
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THE EFFECT OF ADRENALINE ON MUSCLE 
GLYCOGEN. 


By A. B. CORKILL anv H. P. MARKS. 


(From the National Institute for Medical Research, ecescrieat 
— N.W. 3.) 


INTRODUCTION. 

Since Blum in 1901 first described the hyperglycemia and glycosuria 
produced by an injection of adrenaline, this effect has been so frequently 
observed as to have become a commonplace of physiology. Till recently, 
however, no account of the manner of its production has been in satis- 
factory agreement with all the facts of experiment. The prevalent view 
~ has attributed the effect to the mobilization of glycogen from the liver. 
That the liver is essential to its occurrence was demonstrated, indeed, 
by Mann and Magath’s [1924] observation that, after this organ has 
been removed, the adrenaline hyperglycemia no longer occurs. On the 
other hand, it has been shown to occur not only in animals with a well- 
loaded liver, but in those in which prolonged fasting has reduced the 
liver glycogen to a minimum. Pollak [1909] observed, moreover, that 
in such fasting animals adrenaline caused not only hyperglycemia, but 
a concurrent storage of glycogen in the liver, and this observation has 
been confirmed by several observers [Drummond and Paton, 1904; 
Kurijama, 1918]. Clearly, a simple acceleration of the conversion of 
liver glycogen into glucose would not account for the facts. An accelerated 
formation. of this glycogen, from some other substance than circulating 
glucose, must occur at the same time. Increase or decrease of the gly- 
cogen stored in the liver might then be produced, as the accelerating 
action affected more strongly the new formation of glycogen or its release 
as glucose. It might, further, be anticipated that the predominance of 
accelerated new formation would be favoured by previous depletion,’ of 
accelerated output by previous loading of the liver with glycogen. 

A further convincing argument, against the attribution of this effect 
of adrenaline wholly to the conversion of pre-existent liver glycogen 
into glucose, was recently advanced by Cori and Cori[1928]. They 
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showed that the mobilization of all the glycogen, present at any one 
time in the liver, would only account for a part of the glucose which 
adrenaline causes to appear in the circulation. They studied the. distri- 
bution of glycogen between the muscles and the liver in fasting rats, and 
found that a suitable dose of adrenaline would cause a loss of glycogen 
from the muscles and a gain by the liver. The excess of glucose in the 
blood, however, could not represent carbohydrate in transport from 
muscles to liver. The distinction, originally indicated by Claude 
Bernard [1877], between the metabolic behaviour of the glycogen in 
the liver and in the muscles respectively, in that the former breaks down 
to glucose and the latter to lactic acid, has been confirmed by all later 
experience: Moreover, as already mentioned, Mann and Magath [1924] 
had shown that, in the absence of the liver, adrenaline causes no increase 
_ of circulating glucose. To account for the ultimate origin from the muscle | 
glycogen of the new glucose appearing in response to adrenaline, and for 
the necessary intervention of the liver in the effect, Cori and Cori 
conceived a cycle in which glycogen was shed from the muscle as lactic 
acid, and passed in the blood to the liver, there to be re-converted into 
glycogen and ultimately into glucose. They obtained qualitative evidence 
in support of their conception, by finding lactic acid in the blood of a 
rabbit during adrenaline hyperglycemia, and by showing that ad- 
ministration of d-lactic acid by the mouth led to additional storage 
of liver glycogen. 

Under the conditions of experiment on the intact animal, in which 
the several suggested stages of the, whole effect must be simultaneously 
in progress, no more than such qualitative evidence can be obtained. 
It appeared to us desirable, accordingly, to study the effect of adrenaline 
on the muscle glycogen under the simplified conditions provided by the 
eviscerated spinal preparation. Under such conditions, if adrenaline 
could be shown to cause a loss of glycogen from the muscles, it should be 
possible to study the immediate products of this glycogen on a quantita- 
tive basis, the complication produced by the suggested secondary action 
of the liver being eliminated. When these experiments on the peripheral 
action of adrenaline alone were performed, the nature of the results 
obtained suggested the desirability of using the same methods for studying 
the action, in the absence of the liver, of adrenaline and insulin together. 
Experiments of this general type, using the eviscerated spinal preparation, 
had, indeed, been’ made a few years ago by Choi[1927]. He used 

Telatively small doses of adrenaline (0-1 mg.), however, and attached 
no significance to the small losses of muscle glycogen which his analyses 
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appeared to indicate; and he did not make any attempt to study the 
effect from the point of view of the carbohydrate balance of the system, 
——) is here our chief concern. 


The spinal cat was used, with the abdominal alimentary tract and 
the kidneys removed, the liver being excluded from circulation, though 
its vessels were still open to the inferior vena cava through the hepatic 
veins, The general methods of making the preparation, of keeping its 
blood sugar practically constant by slow infusion of glucose, and of 
continuously recording its oxygen consumption by the Schuster circu- 
lating respirometer, have been previously described in detail from this 
laboratory [Best, Dale, Hoet and Marks, 1926] and need no further 
discussion here. 

One point in the technique of this laboratory has apparently been the 
subject of misunderstanding, Kilborn [1928], and Ferguson, Irving 
and Plewes [1929] have assumed that it has been the practice here to 
continue the artificial respiration of the preparation after evisceration 
at the same rate as before, and that the respiratory quotient of the 
eviscerated preparation has accordingly been wrongly determined, under 
conditions of excessive ventilation, This matter has been dealt with in a 
separate report [Corkill, Dale and Marks, 1930], and it is here only 
necessary to emphasize the following points: 

(1) The experiments here recorded have been carried out, like all 
previous ones of the same kind, with a respiratory rate and volume 
adjusted to the needs of the eviscerated preparation, and not simply 
continued at the rate used before evisceration. 

(2) There has consequently been no evidence of over-ventilation; in 
particular, the lactic acid content of the blood and tissues has diminished 
rather than increased in the period after evisceration, in all the control 
experiments, 

(3) The respiratory quotient, as actually determined in certain of 
the experiments with adrenaline, was practically 1. 

In the earlier experiments, when it was desired to administer adrena- 
line, the simple glucose infusion was replaced by one of a solution 
containing the same proportion of glucose together with adrenaline in 
a concentration of 1/10,000, With such an arrangement we could not 
control the blood-pressure without interfering with the rate of sugar 
infusion, hence in later experiments the adrenaline was infused separately 
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into the other jugular vein at euch rate as to maintain » steadily 
increased. blood-pressure. 

Muscle samples were taken from one hind limb before starting the 
adrenaline infusion, and corresponding muscle samples from the other 
hind limb at the end of the experimental period, which usually lasted for 
2 hours. 

Muscle sugar was determined according to the method described in 
a previous paper [Best, Dale, Hoet and Marks, 1926], except that 
Lloyd’s reagent was used for the removal of interfering substances from 
the alcoholic concentrates, instead of colloidal iron. The sugar was then 
estimated by the Hagedorn-Jensen method. This latter method was 
also-used for the determination of blood sugar. 

- The lactic acid content of the blood was determined by a modification — 
of the method due to Friedmann, Cotonio and Schaffer [1927]. 
0:5 c.c. of blood was precipitated with tungstic acid in a total volume of 
10 c.c., and the lactic acid determined in the filtrate after removal of 
interfering substances with copper sulphate and lime. For the deter- 
mination of lactic acid in the muscles, samples were rapidly cut up under 
ice-cold 2 p.c. hydrochloric acid in weighed beakers. Proteins were 
removed by Schenk’s ‘method, and other interfering substances by 
copper sulphate and lime. 

Glycogen was determined by the modified P flit ger method previously 
described [Best, Hoet and Marks, 1926}. 

When samples of liver were required, a portion of a lobe was tied 
off between two thin strips of bamboo, thus avoiding loss of blood and 
leaving sufficient material to om us to obtain final samples from ™ 
same lobe. 


(1) Preliminary expervments. 

Very early in the investigation our anticipations were realized, in 
that We were able to demonstrate that adrenaline invariably caused a 
discharge of muscle glycogen, usually accompanied by a rise in blood 
lactic acid. The loss of muscle glycogen varied between 0-16 p.c. and 
0-33 p.c., being usually about 0-25 p.c. The rise in blood lactic acid varied 
between 0-02 p.c. and 0-07 p.c. 

In only one experiment did we observe a fall in blood attic acid. 
We are unable to account for this anomaly, as in other respects the results 
of this experiment were in agreement with previous ones. We also 
regularly observed a rise in oxygen consumption often amounting to 
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50 p.c., immediately following the commencement of adrenaline infusion: 


_ the rise, however, was temporary, and was often succeeded by a decline 


in the latter part of the adrenaline period. There was accordingly no 
consistent increase in the average metabolism over the whole adrenaline 
period, as compared with the normal. 

The following data relating to an early experiment illustrate the fact, 
which we soon realized, namely, that the increase in blood lactic acid, 
coupled with the rise in oxygen consumption, is insufficient to account 
for the loss of muscle glycogen observed. 

Cat. Wt. 4-6 kg. In this experiment adrenaline was infused for 2} 
hours, 2-4 mg. in all being administered. 4 p.c. glucose was infused at a 
steady rate of 9-6 c.c. per hour, 0-95 g. of glucose being infused during 
the adrenaline period. During this period the blood “sugar fell from 
0-211 p.c. to 0-140 p.c. 

The total oxygen consumption during the 2} hours was 2-47 litres at 


_ N.T.P., which is equivalent to 3-29 g. of glucose, if we take 3 litres of 


oxygen consumed as representing the combustion of 4 g. glucose. The 
assumption that only glucose or lactic acid is burnt is supported by 
determinations of the respiratory quotient, which we found to approxi- 
mate to unity. Samples of five muscles were taken from the right fore 
and hind limbs before commencing the adrenaline infusion, and of the 
corresponding muscles of the left side at the end of the 24-hour period. 


Gastrocnemius 0-75 0-48 —0-27 

Sartorius 0-58 0-32 0-26 
Rectus femoris 0-61 0-32 - 0-29 
Biceps | 0-60 0-25 —0-35 
Pectoralis 0-76 0-37 -0-39 
Average 0-66 0-35 -0-31 


Making the same assumptions as were used for the spinal, eviscerated 
preparation in the insulin investigations [Best, Dale, Hoet and Marks, 
1926], namely that the muscles amount to half the body weight, and the 
blood volume to one-sixteenth of the body weight, we find that a 
loss of 0-31 p.c. muscle glycogen in a 4:6 kg. cat represents a loss 
of 0-31 x 23 = 17-1 g. of carbohydrate; while a fall in blood sugar 
of 0-071 p.c. represents a disappearance of 0-071 x 2-9 = 0:21 g.; and 
a rise in lactic acid of 0-084 p.c., a gain of 0-084 x 2-9 = 0-24 g. 
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Hence: 


Glucose infused 0-95 Glucose equiv. of —— used 3:29 
blood lactic 0-24 


Logs of muscle glycogen 7-1 Rise in 

Total carbohydrate* disappearing 8-26 Total carbohydrate accounted for 3-53 
* This term here comprises lactic acid as well as glucose and glycogen. _ 


It is quite obvious that the factors considered in this experiment are 
inadequate to account for the loss of muscle glycogen observed. An — 
obvious source of discrepancy was the probable rise in lactic acid content 

of the muscles, and in all the later experiments this was studied. The 
muscle sugar was also estimated, and, in addition, allowance was made 
for the glucose escaping into the blood stream from the cul-de-sac of the 
liver vessels, The significance of this has been fully discussed in the paper 
by Best, Dale, Hoet and Marks [1926]. 

Although the rise in blood lactic acid was insignificant when com- 
pared with the carbohydrate to be accounted for, it was in marked 
contrast to the behaviour of preparations with the liver remaining in 
circulation. In two experiments under the latter conditions the blood 
lactic acid content remained practically constant, rising only 0-004 p.c. 
in each case. 

Another point which deserves comment here is the complete absence _ 
of any hyperglycemia during the adrenaline infusion. In fact, the blood 
sugar actually fell in some experiments, although it had remained steady — 
for some time before starting the adrenaline infusion. This is in complete 
accord with the statement of Mann and Magath [1924], that, in the 
dehepatized dog, the glycogen of the muscles does not act as a source of | 
blood sugar under the influence of adrenaline. 

We proceeded to carry out a series of experiments in which as many 
factors as possible were considered, in an attempt to construct a balance 
sheet which should account for the whole of the glycogen lost from the — 
muscles. 

(2) Control éeperiments. 

It was realized that for such a balance sheet to have any significance 
it would be necessary to construct a similar account for control experi- 
ments in which adrenaline was not administered. In the insulin in- 
vestigations by Best, Hoet and Marks [1926] control experiments 
were carried out, in which it was shown that the glycogen content of 
corresponding hind-limb muscles remained remarkably constant. For 
the present purpose it was considered necessary to do further control 
experiments, in which the lactic acid of blood and muscle was taken 
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into account, in addition to the factors measured in the earlier 
controls. 
- Such a control experiment is illustrated below: 


Control Hap. 1. Wt. of cat 3-8 kg. In this experiment, 6 p.c. glucose was infused at an 
average rate of 1-2-c.c, in 10 minutes, é,¢, 432 mg. of glucose per hour, but no adrenaline . 
was administered. Initial samples of muscles and liver were taken as soon as the preparation 
had reached a steady state, and the final samples after a further interval of 2 hours, 
corresponding to the time of adrenaline infusion in other experiments. During this period 
the blood sugar fell from 0-318 p.c, to 0-304 p.c., and the blood lactic acid from 0-162 p-c. 
to 0-118 p.c. The total oxygen consumption during this period amounted to 1534 0.c. at 
N.T.P., Which corresponds to a combustion of 2-04 g. of glucose or lactic acid. 


Initial percentage Final percentage 
Muscles taken cogen Sugar acid cogen Sugar acid 
Tibialis anticus 0-46 0-19 0-23 
046 O16 O17 045 O17 0-12 
en 045 017 O16 O44 O14 0-08 
astus internus 048 O16 0-21 057 O13 0-16 
Average 042 O16 O18 O41 O15 0-15 
Initial — Final 
Liver glycogen 0-07 0-06 
Liver 0-79 0-73 
| 0°86 p.c. 0-79 p.c. 
Wt. of liver 90 g. Sore 
Batancg SHEET. 
x. 
Glucose infused =0-86 Glucose equivalent 
Fall in muscle gl of oxygen used = 2-04 
in muse carbohydrate 
x19 =0-19 accounted for = 2-04 
Fall in musele lactic acid | 3 
0-03 x 19 =0-57 
Fall in blood 
0-014 x 2-4= 
Fall in blood lactic acid Ke 
0-044 x 2-4=0-11 
Glucose from liver 
0-07 x 0-9 = 0-06 
Total carbohydrate 
disappearing = 2-01 | 
Table I summarizes the results of the foregoing and of two other similar 
control experiments. 


The biggest discrepancy recorded is 0-2 g., though it may be noted 
that in both the cases showing a measurable difference this is in the 
direction of carbohydrate lost but not accounted for. Since the suprarenal 
glands were left in circulation, it would be possible to speculate as to 
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Taste I. Control 


h te 
Blood Muscle Weight not 
Gly- Lactic cat ed for 
Sugar acid cogen Sugar acid (kg.)  (g.) 
(1) Before 0-318 0-162 0-42 0-16 0-18 38 Nil 
After. 0-304 0-118 0-41 0-15 0-15 
Di -0014 -0044 -001 -001 -003 
(2) Before 0-388 0-116 0-63 0-12 0-10 3:2 0-15 
After 0-384 0-080 0-62 0-08 0-10 
Difference . -~0-004 —0-036 -0-01 - 0-04 | 
(3) Before 0-261 0-108 0-58 0-20 0-14 37 02 
After 0202 0-092  . 052 0-15 
Difference -~0059 -0016 -0-06 


the influence of adrenaline secreted naturally into the circulation; but 
the differences are in all cases of doubtful significance, in relation to the 
accuracy of the data and the methods of calculating from them. We 


should, in fact, be doubtful of the significance of a difference even twice _ 


as great as any of these here recorded. 


(3) Adrenaline experiments. 

Having satisfied ourselves in a number of control experiments that 
it was possible to obtain a balance within fairly narrow limits, and that 
the muscle glycogen remained practically constant, while the lactic acid 
showed no tendency to rise, we then proceeded to experiments in which 
adrenaline was administered. 

Two such experiments are shown below: : 

Adrenaline Exp. 1. Wt. of cat 3-25 kg. wes 
at an average rate of 1 c.c. in 10 minutes, giving a total of 0-74 g. of glucose over the 2-hour 
adrenaline period, during which 2-25 mg. of adrenaline were administered by slow infusion. 
During this time, the blood sugar fell from 0-262 p.c. to 0-234 p.c., while the lactic acid 
rose from 0-137 p.c. to 0-196 p.c. The total oxygen consumption during the 2 hours was 
1570 c.c. at N.T.P., corresponding to a combustion of 2-09 g- of glucose. 


adrenaline Final percentages 
Gly | Lactic Gly- Lactic 
Muscles taken cogen Sugar acid cogen Sugar acid 
Tibialis anticus 0-79 a 0-134 0-67 0-154 
ius 0-85 0-136 060 06217 
Sartorius 0-76 0-47 — 


Quadriceps femoris 072 0-181 0-009 049 «0186 0-120 


Average 0-852 0-166 0:102 0-574 0196 0-139 
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Initial Final 
Liver glycogen 1-51 
Liver sugar 1-79 1-75 
S50 3°26 p.c. 
Wt. of liver 75 g. 
BaLANcE SHEET. 
Glucose infused =0-74 Glucose equivalent of o used = 2-09 
Fall in m Rise in muscle 
0-278 x 16 =4-45 0-037 x 16=0-59 
m 
0-038 x2=0-06 0-03 x 16=0-48 
Glucose from liver Rise in blood lactic acid 
0-24 x 0-75 =0-18 0-059 x 2=0-12 
Total carbohydrate Total carbohydrate Sm 
disappearing = 5-43 accounted for =3-28 


Lost carbohydrate not accounted for =2-15 g. 


niin nee Wt. of cat 3-3 kg. This experiment has b-en chosen, since it is the 
only one in which a fall in blood lactic acid was observed. A tal of 0-88 g. of glucose 
was infused during the 2 hours, and 1-8 mg. of adrenaline was administered. The blood sugar 
rosé from 0-3 p.c. to 0-318 p.c. and the lactic acid fell from 0-147 p.c. to 0-126 p.c. The 
total oxygen consumption was 1280 c.c, at N.T.P. corresponding to the conibustion of 


1-71 g. of glucose. 
Percentages before 
adrenaline Final percentages 
Gly- Lactic Gly- Lactic 
Muscles taken cogen Sugar acid cogen Sugar acid 
Tibialis anticus 0-94 0-081 0-74 0-148 
us » 0-93 0163 0-073 0-181 0-140 
femoris 0:95 0-170 0078 0-48 0-195 0-172 
astus internus 1-15 0-160 0072 0-90 0-199 0-160 
Initial Final (from different lobe) 
Liver glycogen 3-06 313 
Liver 2-21 1:70 
5°27 p.c. 4-83 p.c. 
Wt. of liver 80 g , 
BaLaNnce SHEET 
Fallin =0-88 ‘71 
in muscle m 
Fall in blood lacti Rise in muscle lactic acid 
0-021 0-079 x 16-5 =1-30 
Glucose from liver Rise in blood sugar 
0-44 x 0-8 =0-35 0-018 x 2=0-04 
Total carbohydrate Total carbohydrate | 
disappearing = 6-02 accounted for =3-51 


Lost carbohydrate not accounted for =2-51 g. 


® 
Bi: 
2 
ts 
# 
Be, 
5 
= 
oy 
ag 
ag 
So 
‘ 


76 


A, B, CORKILL AND H. P. MARKS, 


The most striking fact brought out by these experiments is our failure 
to account for all the carbohydrate which disappeared. A number of such 
_ experiments have been carried out. In a certain proportion of the 
earlier ones, before we had found the best method of administering to 
this preparation the necessary large doses of adrenaline, the circulation 
became unsatisfactory in the latter part of the experiment. All such 
have been rejected, and Table II gives in summary the results of those 
experiments, which, in our opinion, were from the technical standpoint 


perfectly 
Tasiz II. Adrenaline experiments. 


Blood Muscle Wi 
Lactic Glyco- tic cat 
acid gen Sugar acid (kg.) 
{1) Before 0-262 0137 085 O17 010 3-25 
After 0-234 0196 057 020 O14 
ifference -0-028 +0-059 -0-28 +003 +0-04 
(2) Before 0-300 0147 098 016 007 33 
After 0-318 01296 0-70 O19 O15 
a» Difference +0-018 -0021 -0:28 +003 +0-08 
(3) Before 0-456 0075 095 O18 0:07 3-2 
After 0416 0091 062 O21 0618 
Difference -0-040 +0016 -0-33 +008 +0-11 
(4) Before 0348 0079 059 028 010 29 
After 0-366 O114 039 022 0-17 
Difference +0-018 +0035 -0-20 -0-06 +0-07 
(5) Before 0-284 0004 045 019 009 36 
After 0-202 0-166 028 O13 0-16 
Difference +0008 +0072 -0-17 -006 +0-07 | 
(6) Before 0-364 0087 098 017 009 3-9 
After 0087 0-79 019 0-12 
Difference -0-:060 —. -019 +002 
(7) Before 0-460 0107 058 025 009 30. 
After 0412 0139 041 030 018 
Difference -0-048 +0-:032 -0-17 +005 +0-09 
(8) Before 0-362 0036 048 O41 007 42 
0-364 0072 034 037 0-12 
— +0036 -014 -004 +0-05 


Adren- 
t aline 
fused 


in- 
(mg. 
2:25 


1-0 
in 
1 hour 


Total Carbo. 
Carbo- 
hyd- rate 
rate not ac 
- edfor 
a 

(g-) 
545 2-15 
60 25 
6-65 
505 21 
57 2°5 
48 
375 0-4 
46 2-1 


Tt will be seen that, in seven out of these eight complete experiments, 
there is a deficiency, of the substantial dimensions of 1-6 to 2-5 g., in 


the amount of the lost carbohydrate accounted for. 


EXPERIMENTS WITH INSULIN AND ADRENALINE. 
The foregoing results showed adrenaline as producing a change in 
_the muscle glycogen of the opposite kind to that produced by insulin. 
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‘It was by no means certain, however, what would be the effect of the 


two acting together. Certain evidence put forward by the Coris [1928] 
has suggested that adrenaline not only discharges glycogen from the 
muscles as lactic acid, but somehow prevents the normal conversion of 
blood glucose into muscle glycogen under the action of insulin. According 
to a personal communication to one of us, they have recently found that 


_in a rat deprived of the liver, but retaining the pancreas in circulation, 


the blood sugar can be maintained at a moderate level by steady glucose 
infusion, and that injection of adrenaline then causes the blood sugar 
level to rise. Clearly this, and other effects observed by them, might 
be due either to a restrictive effect of adrenaline on the output of insulin 
from the pancreas, or to a direct peripheral antagonism of adrenaline 
to the effect of insulin when in the circulation. Our method should 
differentiate between these possibilities. 

If the peripheral antagonism were effective under the conditions of 
our experiments, adrenaline should prevent injected insulin from lowering 
the blood sugar level, previously held steady by constant infusion of 
glucose. On the other hand, it was difficult to picture such an equilibrium 
between the conversion of glucose into glycogen under insulin, and the 
conversion of glycogen into lactic acid and other unidentified products 
under adrenaline. One would rather expect the action of the two to 
result in accelerated disappearance of glucose without a corresponding 
increase of glycogen, but some accumulation of lactic acid. Dr Dale 
has informed us that, in the early experiments made by Dr Burn.and 
himself with the eviscerated preparation, they had in some cases injected 
adrenaline during an insulin hypoglycemia, without being able to detect 
any effect on the low blood sugar level. We have extracted the following 
from the notes of one of these unpublished experiments of Burn and 


Exp. Cat of 2-85 kg., decapitated under anzsthetio and eviscerated. 2 p.c. glucose — 
infused at average rate of 8 c.c. per hour. The dose of insulin given was 10 mg. of the crude 
product then available, representing probably about 10 international unite. The following 
shows the effects on the blood sugar. 
Adrenaline 
Insulin 0°5 mg. 


Time 12.44 1.10 ‘ 1.44 2.11 2.39. 2.57 
Blood sugar p.c. 0:206 0194 0-110 0067 0050 0-050 


” There was no evidence here of a direct antagonism of adrenaline to 
the effect of insulin on the blood sugar level. It would be possible to 
suggest, however, that the insulin dose was too large to allow the 
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adrenaline a chance of showing its effect. In the following two experi- 
- Inents we made an attempt to find a dose of insulin which by itself pro- 
duced only a moderate lowering of the blood sugar, and then tested the 
effect of the same dose during a persistent adrenaline infusion. 

- EBep. Insulin only. Eviscerated spinal cat of 3-7 kg. Infusion of 4 p.c. glucose at the 


rate of 9-6 c.c. per hour. 
‘ Time 20 2.20 240 30 325 345 410 430 
| Blood sugar p.c. 0-332 0-332 0-304 0-304 0-304 0-240 0-222 0-222 


fowulin, 6 unite 
te: Eviscerated spinal cat of 3-3 kg. Infusion of 4 p.c. glucose at 9-6 c.c. per hour, 
and of adrenaline (0-01 p.c.) 12-4 o.c. or 1-24 mg., in 145 minutes. 


Time 1245 «1.10 «1.30 150 2.15 230 2.50 3.10 
Blood sugar p.c. 0-280 0-280 0-294 0-300 ‘ee 0-253 0-240 0-219 


Adrenaline Insulin, 
infusion unite 
begun 


It cannot be suggested. that the adrenaline infusion has in any way 
inhibited the effect of insulin, as judged from that produced in the 
control by the same dose of insulin alone. It remained to be seen whether 
this concomitant administration of adrenaline, though it failed to exert 


any obvious antagonism to the effect of insulin on the blood sugar, 


would modify the normal effect of insulin on the muscle glycogen. 


Ezp. Cat 2-3 kg. Spinal eviscerated preparation. Adrenaline infusion (0-01 p.c.) begun 
early and continued throughout the rest of the experiment, 1-56 mg. in all infused. Insulin 
injected in two doses, 10 units at the beginning of the adrenaline infusion, and another 
10 units an hour later. 4 p.c. glucose infused throughout at the rate of 10-2 ¢.c. per hour, 
& total of 20-6 0.0. or 0-824 g. being infused, 


Time 4.10 4.50 5.10 5.20 5.50 
Blood sugar p.c. 0-272 0-200 ‘ 0-190 0-150 


Muscle glycogen percentages. 
Before 
and insulin At end Difference 
Tibialis anticus 0:44 0-31 -~0-13 
us 0-54 0-38 
Sartorius 0-53 0-35 —018 
femoris 0-38 0-29 0-09 
astus externus 0-82 0-62 — 0-20 
Average 064 0-39 ~0-15 


Insulin alone would, under such conditions, produce an increase’ of 
glycogen, representing most of the extra glucose disappearing. When 
adrenaline is given in addition, it will be seen that, although the accelerated 


ine 
¢ 
~ 
A 
P 
< 
4 
4 
is, 
rena. nau. 
z 10 unite of 10 unite - 
<3 
* 
we 
ty 


ADRENALINE ON MUSCLE GLYCOGEN. 79 


disappearance Of glucose goes on without perceptible modification, 
glycogen is lost from the muscles instead of being accumulated. 

In this experiment we had, further, obtained figures for the lactic 
acid contents of several pairs of muscles before treatment with adrenaline _ 
and insulin and at the end of the experiment, for the corresponding 
_ changes in the lactic acid in the blood, and for the total oxygen con- 
sumption over the period between the first and last samples. 


Muscle lactic acid percentages. 
Before 
and insulin At end Difference 
Tibialis anticus 0-134 0-187 +0-053 
0-078 0-155 +0-077 
Quadriceps femoris 0-126 0-207 +0-081 
Vastus internus 0-148 0-232 +0-084 
Average 0-121 0-195 +0-074 
Blood lactic acid percentage. 
0-150 0-108 0-042 
Oxygen absorbed, at n.1T.P. = 795 c.c. 


At 2.9. =1, this is equivalent. to =1-06 g. of glucose 


Not having taken samples of liver, we are unable to make a complete 
balance sheet. It can safely be assumed, however, from previous — 
experience in experiments with adrenaline or insulin acting alone, that 
the cul-de-sac organ would have contributed some carbohydrate to the 
circulation, the inclusion of which would have added to the debit side 
of the account. Without it, the results are as follows: 


Loss of muscle Glucose oxidized 

0-15 x 11-5=1-72 Gain in muscle lactic acid 
Loss of glucose from blood 0-074 x 11-5 =0-85 

0-093 x 1-44=0-13 

Loss of lactic acid from blood 
0-042 x 1-44=0-06 

Glucose infused =0-82 | 

Total carbohydrate lost =2-73 Total carbohydrate accounted for =1-91 


Deficiency in carbohydrate accounted for =0-82 g. 


There can be no doubt that this deficiency would have been sub- 
stantially greater if figures for the liver’s contribution to the lost carbo-. 
hydrate had been available. Under similar conditions, if insulin alone 
had been injected, the muscles would have shown a substantial gain in — 
glycogen; here, then, it is clear that the fall observed in this constituent 
must represent an excess of the discharge of glycogén, under the influence 
of adrenaline, over the deposition which would have been caused by 
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insulin alone. Nevertheless, it will be seen that the observed increase 
in muscle lactic acid represents only about one-half of the loss, on 
balance, of muscle glycogen} and it is again this discrepancy between 
the fall in the amount of muscle glycogen and the increase in its only 
detected product, lactic acid, which causes, between the two sides of the 
account, a much wider discrepancy than we have ever recorded in 
control experiments or with insulin alone. This failure of lactic acid 
accumulation to account for the disappearance of glycogen is still more 
obvious in the following experiment, in which adrenaline had been 
infused for some time before insulin was given. — 


Exp, Cat 2 kg. Spinal eviscerated preparation. Infusion of 4 p.c. glucose. 


Time . 1.0 1.30 1.40 2.20 2.40 
Blood sugar p.c. 0-228 - 0-222 0-175 0-182 


Total amount of adrenaline infused = 14-3 o.c. 0-01 p.c. = 1-43 mg. 
Glucose infused = 16-9 c.c. =0-676 g. 


Muscle gen acid gen ence 
Tibialis anticus 0-51 0-100 0:30 0-105 -0-21 
Gastrocnemius 0-55 0072 0-52 0-087 ~ 0-03 +0-015 
Sartorius 0-46 0-38 ~ 0-08 
f 0-55 0-078 0-50 0-118 0-05 +0-040 
astus internus 0-91 0-097 4076 0-091 0-15 0-006 
Average 0-596 0087 0-492 0-100 ~—0-104 +0-013 


The lactic acid in the blood fell by a small amount—0-039 p.c. The 
period under insulin in addition to adrenaline was too short to justify 
the presentation of these results as a balance sheet, but the gap between 
the muscle glycogen lost and the increase of lactic acid is peeves 
enough. 

Discussion. 


These experiments on the action of adrenaline were liable to practically | 


the same sources of error, and their results are accordingly open to the 
. same criticisms as were those obtained by Best, Dale, Hoet and Marks 
in their balance sheet experiments on insulin. We realize, as did they, 
that the reduction values entered in the account as “muiscle sugar” 
probably involved other reducing substances than glucose, and cannot 
even be attributed solely to carbohydrates; and, further, that the 
calculation of this figure involves multiplication of a small difference by 
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a lange teckor: The observed changes in these values during an experi- : 
ment, however, seem more likely to be due to changes in free glucose 
content than in anything else, and we have accordingly included them 
in the balance sheets. Their omission might render us properly liable to 
the suggestion of failing to explore all possibilities. On the other hand, 
their inclusion is certainly not responsible for the discrepancy between 
“lost” and “found” carbohydrate which the results so consistently 
show; the majority of experiments record some gain of this “muscle 
sugar,” and its omission from the account would render the total dis- 
crepancy larger. 

The question of the respiratory quotient, adopted for the calculation 
of the glucose-equivalent of the oxygen used, has, again, been made the 
basis of criticism of the insulin balance sheets. This has been considered 
in a separate note, published with Dr Dale [1930]. For our present 
purpose it is sufficient to note that the respiratory quotients actually 
determined by us in the experiments with adrenaline have approximated 
to unity, and, further, that the adoption of this quotient does not create 
the discrepancy with which we are concerned; on the ey. any 
_ lower quotient would give us a still greater shortage. 

When all allowances are made for known or possible inaccuracies of 
the method, there remains the fact that, whereas in the control experi- 
ments and in those previously recorded with insulin alone the observed 
discrepancy does not exceed 0-3-0-4 g., in the adrenaline series, with 
only one exception, there is a deficiency five or six times as great in the 
amount of the “lost” carbohydrate which can be traced by the methods 
used, There is a quantity, which we regard as undoubtedly significant, 
which is no longer present as glycogen or glucose, and which has neither 
remained as lactic acid nor been oxidized. Carbohydrate has apparently 
been converted into some form in which it is not extracted for analysis 
by the methods used, or has a much lower reducing power than glucose. 
With our present information it would not be profitable to speculate 
among the various possible forms in which carbohydrate or products 
thereof could thus escape determination}. 

. Our experiments appear to show, further, that the action of insulin 
is not, as some of the Coris’ experiments might have suggested, directly 
antagonistic to this action of adrenaline. They indicate, rather, that the 


1 Since this paper was sent to press, we have learned, from correspondence with 
Dr Cori, that he also has now found evidence that lactic acid is not the sole immediate 
‘product of glycogen discharged from muscle by adrenaline, and that his results, indi- 
cating the nature of the other product, are in course of publication. 
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two hormones, when simultaneously present, produce a combined effect M 
of just the type which could be predicted from their separate actionn— 
@ removal of glucose from circulation by deposition in the muscles as | 
glycogen, under the action of insulin, and a loss from the muscles, under 
the action of adrenaline, of glycogen which reappears in part as lactic 
acid, and is partly lost to the ordinary methods of analysis. It is obvious 
that such a combination of effects could lead to different results on __ 
balance, according to the relative prominence of the two types of action, 7 
and to the supply of glucose available. If the latter were abundant, and ff 
the actions of insulin and adrenaline appropriately balanced, it is con- —_— 
ceivable that insulin might cause glycogen to be deposited as fast as 
adrenaline removed it, so that no definite change in the proportion 
of muscle glycogen might be observed. Part of the glycogen removed by 
adrenaline, being thus converted into lactic acid, would, according to ; 
Cori and Cori, be re-synthesized to glycogen in the liver. If the glucose é 
supply were smaller, the muscles would’ probably lose glycogen on | 
balance. as the liver gained it, so that the first effect of the combined 
action might appear to be a transfer of glycogen from the muscles to 
the liver. If the glucose supply became exhausted, so that a hypo- 
glycemia was produced, glycogen would be lost from the liver as glucose, 
and again be removed from circulation by insulin as muscle glycogen. } 
A cycle of changes would thus be produced: but, since only part of the 
Fadi sc lost from the muscles in response to adrenaline would appear 
as lactic acid, the remainder being lost to analytical recognition, it is 
clear that an indefinite continuation of this process must eventually lead 
to the change of all the carbohydrate into this unknown form. 


__. Now it is known that the action of insulin on the whole animal 
causes accelerated output of adrenaline from the suprarenal glands 
(Cannon, McIver and Bliss, 1924; Houssay, Lewis and Molinelli, 
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_ 1924]. There is no clear evidence as to the extent of this reaction under | 


different conditions. It is known, however, that adrenaline entering the 
circulation after hypodermic injection, and accordingly at such a low 
rate that it does tiot produce in gecognizable degree its acute effects of 
sympathetic stimulation, can yet produce large effects on carbohydrate 


. metabolism. It may further be assumed that the secondary acceleration 


of adrenaline output will be accentuated, in proportion as insulin acts 
in such physiological excess as to produce hypoglycemia. It is, ac- 

cordingly, under those conditions of insulin action, in which the fate of 
the carbohydrate has presented difficulties of interpretation, that we may 
reasonably suppose the action of insulin itself to be complicated by that 


_ of adrenaline: Best, Dale, Hoet and Marks [1926], dealing with the 


action of insulin alone on the eviscerated preparation, failed to find 
evidence of any clear discrepancy between glucose disappearing, on the 
one hand, and the amounts deposited as glycogen and oxidized on the 
other. The fact that, nevertheless, in certain animals, such as mice, 
insulin might cause the loss of practically the whole of the recognizable 


_ carbohydrate from the body in a short period, with a concomitant severe 


depression of oxidative metabolism, they were inclined to attribute to a 
stoppage of neoglucogenesis in the liver. This supposition appeared to be 
justified by the known action of insulin in physiological doses on the 
diabetic organism; and it is still probable that it plays a part in the total 
action. The experiments here described, however, have clearly opened 
the door to another possibility of explanation. When it is realized that 
the action of an excessive dose of insulin on the whole animal is not 
limited to the action of insulin itself, but must in some degree involve 
also the action of adrenaline here studied, it is no longer difficult to 
reconcile the hitherto conflicting views as to the significance of the 
observed effects.. Insulin acting alone, as maintained in previous 
publications from this laboratory, may produce in any dosage, on normal 
or diabetic organs, the same effects, with variation only in degree. On 
the other hand, the contention of Macleod and his school, that excess 
of insulin causes an untraceable loss of carbohydrate, may well be true 
for the whole animal, where its action will certainly be complicated, to 
an unknown degree, by the action of adrenaline which is the subject 
of this paper. 

We are aware that there are many gaps in the evidence still to be 
filled, particularly with regard to the action of these two hormones on 


_ the liver. Adrenaline in suitable dosage has been shown to increase the — 


store of glycogen in a depleted liver, and to cause discharge from one 
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which is loaded. The evidence as to the action of insulin alone on the 
liver alone is still incomplete and unsatisfactory. In a separate com- 
munication by one of us [Corkill, 1930] it is shown that doses of insulin, 
sufficient to cause hypoglycemia without convulsions, will in some 
species regularly cause loss of glycogen from the muscles and storage in 
the liver, in others as regularly loss from the liver and storage in the 
muscles. It may be that in some species adrenaline more readily causes 
discharge of glycogen from the liver than from the muscles, and in others 
from the muscles than from the liver. We have not, in fact, sufficient 
knowledge for more than a plausible speculation as to the respective 
parts played by insulin itself, and by adrenaline secreted in response to 
its action, in any such case. The one thing of which we can feel certain 
is that the action is in every case a complex one. The: possibility of its 
further complication by secondary output of hormones other than 
adrenaline remains to be explored; but we may mention that a few 
preliminary experiments have afforded us evidence that the pituitary 
pressor principle (vasopressin) has no effect on muscle glyeogen at all 
compershle to that produced by adrenaline. 


SuMMARY. 


1. The effect of adrenaline on the muscle glycogen has been studied 
in oI eviscerated spinal cat. 
. Adrenaline causes discharge of glycogen from the resting muscles. 
< None of the glycogen so discharged appears in the form of glucose, 
and only a part of it as lactic acid. - 


4, The sum of the lactic acid so formed and the glucose equivalent _ 
of the oxygen used (carbohydrate accounted for) is substantially lessthan 


the total of carbohydrate disappearing from the system. 

5. A similar discrepancy is observed when insulin and adrenaline act 
together. 

6. It is suggested that the “lost carbohydrate” in the action of 
insulin on the normal animal is, in part, due to a secondary action of 

It is a great pleasure for us to acknowledge our indebtedness to 
Dr H. H. Dale for much valuable help and advice. 
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THE RESPIRATORY QUOTIENT OF THE 
EVISCERATED SPINAL CAT. 
By A. B, CORKILL, H. H. DALE ann H. P. MARKS. 


(From the National Institute for Medical Research, Hampstead.) 


‘THE respitatory quotient of the spinal eviscerated preparation, with 
blood sugar maintained by infusion, has on several occasions been 
investigated in these laboratories. The question whether it was changed 
by insulin was examined by Burn and Dale [1924], at a time when it 
was still regarded as possible that some of the glucose disappearing under 
insulin might be changed directly into fat. They found that the r.q. of 
the preparation was practically 1, and remained so when insulin was 
given. They were thus able to show that, in addition to glucose oxidized, 
much disappeared under insulin by change into some other substance, 
which could not be fat. Later Best, Dale, Hoet and Marks [1926] 
were able to show that the missing glucose was accounted for by de- 
position of glycogen in the muscles. They again, on several occasions, 
determined the k.Q., and found it to be 1; and calculations of the 
quantity of glucose oxidized, based on this figure, produced a reasonably 
good balance between the two sides of the account. Later again, Bodo 
and Marks [1928] made other determinations of the k.Q. of this pre- 
paration, prior to administration of “synthalin,” and again found it to 

The correctness of this determination, and of the calculations based 
on it has in recent years come under criticism. Kilborn [1928], working 
under Macleod, determined the R.Q. of spinal cats under artificial 
respiration, and then removed the stomach and intestines, tying off the 
blood supply to the liver, but keeping all other conditions constant. In 
particular, he maintained the same rate of pulmonary ventilation, and 
did not replace the supply of glucose from the liver by artificial infusion. 
Under such conditions the k.Q. was again determined and was found 
_ usually to be in the neighbourhood of 1, though individual samples gave 


values as much in excess of this as 1-8. Since the respiratory rate and 


volume were unaltered, though the rate of absorption of oxygen fell 
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to as little as one-quarter of that observed before the evisceration, 
Kilborn concluded that the z.q.’s which he thus obtained were artificial; 
and we find no reason for questioning this conclusion as regards the 
results in general. It is difficult, however, to reconcile all his data with 
the view that the immediate and principal cause of the rise of the r.Q. 
with evisceration was simply the blowing off of CO, in excess of its 
metabolic production. It would be expected, under such conditions; that 
the error would chiefly affect the period immediately following evis- 
ceration; whereas in most of Kilborn’s experiments the rise of the 
respiratory quotient above 1 takes place towards the end of the experi- 
ment, where the metabolic rate has become very low, and it may be 
suspected, in the absence of records of the blood-pressure, that the 
circulation was becoming seriously deficient. However that may be, we 
agree with Kilborn that no satisfactory data as to the real n.Q. of the 
eviscerated preparation can be obtained by such a method. It is not so 
easy to follow the assumption that the quotient determined before 
evisceration may be taken as the real one after that operation, and that 


_ the extra volume of CQ, calculated to produce the apparent quotient, 


on that assumption, may be accepted as that of the CO, blown off in 
excess of metaboli¢ production. This éalculation is used by Kilborn, and. 


later by Ferguson, Irving and Plewes [1929], who endeavour, ad- 


mittedly without complete success, to discover the source in the body 

of the large amount of CO, needed fo justify this hypothesis. | : 
These writers appear, further, to assume that the quotients used as 

a basis of calculation in this laboratory were obtained by a method. 

subject to the error which they detected in their own. This is not strictly 

justified; though we realize that the details hitherto published have not 

been sufficient to exclude it as a possibility. None of the eviscerated. 


_ preparations used here for quantitative investigations has, in fact, 


been subjected to artificial respiration at the same rate as that applied 
before evisceration. As a matter of practice, after destruction of the 
brain under anwsthesia, the other operative procedures, up to the com- 
pletion of the evisceration, have been carried out under artificial re- 
spiration by simple inflation with a pump, the chest expelling the air by 
natural collapse, through a side-opening on the tracheal cannula, between 
the positive strokes.’ Immediately after completion of the evisceration, 
however, the preparation has been transferred to the Schuster double 
respirometer; the tracheal cannula has been replaced by a Y-shaped. 
tube, through one limb of which the chest is inflated from one chamber 
of the double pump, the same volume being withdrawn from it by suction 
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on the return stroke into the other chamber. Such a method enables 
efficient ventilation to be carried out with a relatively small movement 
of the chest, and is, in our experience, much more favourable to the 
maintenance of good circulation in this preparation than the use of 
positive ventilation only. The necessary stroke volume was further 
reduced by enriching the air of the closed respirometer system with 
oxygen. 

Another difference between our procedure and that used by Kilborn 
and the other Toronto workers is in the supply of carbohydrate. We 
have always removed the kidneys and kept up the blood sugar by con- 
tinuous infusion of glucose. They apparently allowed the blood sugar 
to fall naturally after removal of the liver from circulation, keeping 
the kidneys intact and presumably functional, and not making good from 
outside the glucose used or excreted. Bornstein [1929], using dogs under 
chloralose anesthesia, so that no question of excessive artificial ven- 
tilation arose, found that, after evisceration;.the R.Q. rose to and re- 
mained at 1 if the blood sugar was kept up by infusion, but fell to a lower 
value if the supply was allowed to be naturally exhausted. 

For these various reasons it did not appear to us that the Toronto 
investigations justified the conclusion that the B.Q. in experiments on 
the eviscerated preparation, carried ‘out under our conditions, was 
significantly less than 1; still less that it could be assigned the value 
observed before evisceration. The point was one of importance, however, 
not only for our past conclusions, which have been called into question 
by Macleod [1929] on the basis of Kilborn’s work, but also for further 


experiments which we had in hand. We decided, accordingly, that it 


ought to be investigated more critically than before, and with a special 
view to the possibilities suggested by Kilborn and others, They do not 
appear to have attempted to determine experimentally the true R.9. 
of the spinal eviscerated preparation, without excessive ventilation. We 
have made further experiments with this special object in view. 


Our foetane determinations of the 8.9. on this preparation were made 
by use of the complete Schuster respirometer, which automatically 
registers the rate of oxygen consumption by volume, the carbon dioxide 
output being determined gravimetrically by absorption in soda-lime 
tubes during sample periods, and translated into volume by calculation. 
We have recently used this method again, with similar results to those 
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earlier obtained. For experiments made with the primary object of _— 
| investigating the &.Q., however, it seemed more convenient to collect the 
expired air for analysis in Douglas bags. This had the additional advan- — 


tage of conformity with Kilborn’s method. We adhered, however, to 


_ the use of the two-chambered pump of the Schuster apparatus, for 


reasons already given. The first chamber drew air from the room, warmed 
by passing through a heated cylinder, and pumped it into the lungs, 
from which at the return stroke the same volume was drawn into the 
second chamber, and passed from this at the next stroke into the 
collecting bag. In the first experiment of the series, the results of which 
are given below in Table I, it will be seen that the n.q. was first deter- 
mined during two periods by the use of the respirometer and absorption 
tubes, and then during a third period, without other change, by the 
Douglas bag and gas analysis, without significant difference i in the 
results, 

Throughout the series of experiments here recorded the pump was 
run at a uniform rate of about 20 strokes per minute. The total ven- 
tilation rate was accordingly determined by the stroke volume, which © 
was kept constant in each experiment, but differently adjusted for each. 


The adjustment of the ventilation rate to that of the metabolism 


obviously needed attention for our purpose. It was not easy, however, 


_ to find any quantitative indication that it was adequate and not excessive. 


Preliminary trials showed us that it could not safely be reduced to as 
little as 100 ¢.c. per kg. per minute; under such conditions the oxygena- 
tion of thé arterial blood became obviously defective and the arterial 
pressure began to fall rapidly. After a number of trials we found no 
better method than to adjust the stroke to such a volume that the 
circulation was well maintained. This resulted in one rate as low as 
121 ¢.¢., and one as high as 231 c.c. per kg. per minute; the majority, 
however, ranged from about 140 to 170 c.c. 

When the operation had been completed, the preparation attached | 
to the double pump and the requisite adjustments made, a cannula was 
tied into the jugular vein and glucose infused at a slow constant rate as 
in all the earlier experiments. The preparation was then left to itself for 
a period of an hour or more, to eliminate all possible irregularities due — 
to the change of ventilation rate after operation, before the collection 


_ of expired air was begun. The contents of each bag were carefully mixed 


before drawing the sample for analysis by the large Haldane apparatus. — 
Samples of the “inspired” air, as it entered the pump chamber, were 
also taken and analysed. The table given by Cathcart [1918] was used 
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in correcting “the R.Q.” for the: altered content of 
the air. 

| Resvutts. 
The results are given in Table I. An inspection. of the figures in’ 
detail will show that there is no general indication of a R.9., so high as to — 


_ be obviously fallacious, being produced by excessive ventilation. In the 


first period of Exp. 2 there is, indeed, a quotient of 1-4 recorded. The 
is unique in the whole series, and it is unfortunate that, though the 
experimental readings, from which the percentages of oxygen and carbon 


- dioxide arid the-R.Q.’s were calculated, were preserved and checked in all 


subsequent experiments, they were mislaid in this instancé, We suspect 
an arithmetical error; but, being unable to prove it, we produce the 
figure as it stands in our notes. The later sample, taken after an interval 
of hours from the same experiment, gives: a R.Q. of practically 1. 


It should further be noted that, neither in this nor in any other case, is 


there any evidence of a serious depletion of the alkali reserve o of the 
plasma during the course of the experiment. — 

It will be seen that the percentages of CO, in the seiliiaas alr vary in 
the different experiments. There is, however, no correspondence between 
a low proportion of CO, and a high ventilation rate. The lowest, in Exp. 3, 


_ is obtained with a minute ventilation of only 140c.c. per kg. It is, indeed, 


impossible in any one experiment to predict from the weight of the cat 


what the rate of metabolism will be. Ideally, no doubt, the rate of 


artificial ventilation should be adjusted by trial to produce a nearly 


constant percentage of CO, in the “expired” air. Our object, however, 
was not merely to obtain the value of the quotient under ideal con- 
ditions, but to test more fully the effect of the conditions under which 
the earlier n.Q.’s were obtained, which have been criticized as due to 
over-ventilation. Our figures show that in none of our experiments did 
the percentages of CO, expired, or of oxygen absorbed, fall to the levels 
at which the high quotients were obtained by Kilborn in the later 
stages of some of his experiments, shown in his Table II. According to 
that table, the periods in which Kilborn observed these high quotients 
were characterized by very low values for percentages of oxygen absorbed, 
as compared with the earlier periods of his own experiments, as well 
as with any of ours—0-59 p.c. with R.g. = 1-45, 0-82 p.c. with .9. = 1-34, 
0-68 p.c. with R.Q. = 1:23. 
These low metabolic rates in the later stages of his experiments 
ey suggest that the circulation was becoming ineffective. In our 
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bag ip te there has generally been some decline of metabolic rate 
as the arterial pressure gradually fell; ‘but we have never encountered 
such a sudden and drastic reduction as Kilborn’s records suggest. If we 
had done so, we should not have measured the quotient during such 
a terminal period. 

_ Turning to the quotients, the determination of which was the object 
of our experiments, it will be seen that in six out of the nine experiments 
- the figure obtained at some stage of the experiment was 1, or so nearly | 
that the difference cannot be regarded as significant. In two of these 
experiments, Nos, 4 and 6, it subsequently fell to a corrected value of 
about 0-92, in the latter case after a large dose of insulin; and in another 
experiment, No. 7, it had about this value, both before and after insulin. 
In one of the earlier determinations, using the circulating respirometer 

(Exp. 11 of Burn and Dale), a value as low as this was obtained after 
insulin, in a preparation which showed z.Q. = 1-02 at an earlier stage; 
but it was the only quotient in that series seriously different from 1. 
In the last two experiments, Nos. 8 and 9, we recorded quotients sub- 
stantially lower than in any of the others. In the former it rose after 
insulin, in the latter still more after adrenaline. In view of the nature 
of the effect of adrenaline on muscle glycogen, with which two of us are 
dealing in a separate paper, this latter rise was to be expected, owing 
to the production of lactic acid from muscle glycogen. At the same time, 
it will be seen that there was'no fall in the alkali reserve of the blood 
plasma, such as might have been expected to accompany such an effect. 

One further point, of special importance for our purpose, should be 
noted. Exp. 8 is not only the one showing the lowest 8.9., but is also 
the one experiment of the whole series in which the rate of ventilation 
may be suspected of exceeding the metabolic requirément to the extent 
of those used by Kilborn. This exceptionally low quotient being 
associated with an exceptionally high rate of ventilation, it is difficult to 
attribute the more frequent quotients in the neighbourhood of 1 to 
excessive removal of CO, by the milder ventilation used in them. Nor 
is any support for such a supposition to be obtained from the figures 
for percentage of OO, in the expired air. This falls in Exp, 8, with the low 
quotient, to a livre level than 1 in a pay save one (No. 5) of the other 
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Discussion. 


_. These results contain irregularities which we did not expect, and 
which we cannot wholly explain. We have considered the possibility 
that the later experiments, in particular, may have been vitiated by a 
loss of CO,, without finding any reason for supposing that it occurred. 
An inspection of the figures will make it obvious that the method is one 
which allows only a very narrow margin of error; but we have no reason, — 
apart from their discordance with the majority of the results obtained in 
this series, and with the earlier ones obtained by another method, to 
regard such error as more ‘likely to have occurred in the experiments 
giving the Jow B.Q.’s. On the other hand, we have failed to find any 
reason for assuming error, from excessive ventilation or any other cause, 
in the experiments showing quotients in the neighbourhood of unity. 

In such circumstances we have to admit two possibilities of inter- 
pretation, The first is that the spinal eviscerated preparation, with 
maintained blood sugar and treated in other respects according to our 
routine, has commonly a true respiratory quotient of 1, but that in- 
stances occur, either during part or the whole of an experiment, in which 
it may be about 0-92, or in rarer cases as low as about 0-85. In that case, 
with no indication of conditions previous to or during the experiment 
which determine this variation, it is impossible to predict when it will 
— occur. We should accordingly have to conclude that calculations such 
as those made by Best, Dale, Hoet and Marks [1926] would be liable 
to an additional factor of uncertainty. Their assumption of a quotient 
of 1 would remain the most probable, and its incorrectness in every case 
would be very unlikely; but the possibility of its not being accurate in 
every case would have to be admitted. | 

This is, of course, a very different proposition from that advanced by 
Kilborn, accepted by others, and used in criticism of the aforesaid 
calculation. According to their view, the true B.Q. in all our experiments 
would be similar to that of the preparation before evisceration, viz. 
0-71 to 0-8 in Kilborn’s own series; and it would have to be assumed 
that the predominance, in these experiments, of quotients so near to 
unity, is due to our habitual success in providing just the appropriate 
degree of excessive ventilation. Neither in our own results nor in the 
details of Kilborn’s own records can we find any justification for such — 
an assumption. | 

The second possibility is, with frank recognition that the determination © 
is not an easy one to make with consistent accuracy, to suppose that 
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some unrecognized source of error has entered into either the majority 
or the minority of our experimental determinations, and that either the 
_ more frequent value 1, or the exceptional value of about 0-85, represents 

the true quotient in all. We should then have to appeal to collateral 
evidence for an indication as to which was the more probable. Best, 
Dale, Hoet and Marks [1926] published one attempt to calculate the 
relation between glucose disappearing, from all sources, and oxygen 
consumed in the spinal eviscerated preparation without insulin. They 
found a remarkably close agreement between the two values. In a 
separate publication by two of us (C. and M.) [1930] three more such 
experiments without insulin are published. The calculation is a relatively 
simple one; no serious change of muscle glycogen being in. question, 
the only important items on the one side of the account are glucose 
infused and glucose leaking from the cul-de-sac liver, and on the other 
side oxygen consumed. Now if the assumption is made that the quotient 
is 1, so that the oxygen is used in burning carbohydrate only, the two 
sides of the account show a balance which is sometimes almost too exact, 
‘and in no case differ by more than 10 p.c. of the total; and such differences 
are always in the direction of showing a little more glucose lost than the 
oxygen will account for. If the R.q. were taken as 0-85, we should have 
to assume that, in these experiments without insulin or adrenaline, at 
least one-half of the glucose lost had not been oxidized, but had vanished 
beyond recognition. In other words, the assumption of a real quotient 
even as low as 0-85 involves us in a further assumption of unknown 
possibilities, having no relation to the experimental facts. We have 
already mentioned Bornstein’s experiments on anesthetized evis- 
cerated dogs; many years earlier Porges and Salomon [1910] had 
shown that, in dogs rendered diabetic by a preliminary pancreatectomy, 
ligaturing off the rest of the abdominal organs under urethane caused 
the B.Q. to rise to a value of approximately 1. Boothby, Mann and 
Magath [1928], in hepatectomized dogs breathing normally, found a 
R.Q. of 0-85 to 0-95, rising to a higher level, and even to 1, when an 
adequate amount of glucose was given. When it is further remembered, 
that feeding with a diet rich in carbohydrate may produce, in a com- 
pletely normal animal, with all its organs intact, a quotient approximating 
to and even reaching unity (cf. Chaikoff and Macleod [1927]), there 
seems to be such a weight of probability in favour of this value for the 
quotient of our preparation, consisting essentially of muscles supplied 
with abundant glucose, that overwhelming direct evidence would be 
required to establish a lower value as the true one. 
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For these various reasons, and in spite of. the relatively few exceptions 
in our own direct measurements, we are still of opinion that, when a 
quotient has tebe assumed, in calculation from respiratory data obtained 
with the eviscerated preparation supplied with glucose, the only reason- 
able and safe assumption is to take it as unity. 

We may add that this is a purely practical conclusion in relation 


to special conditions, and has no bearing on the more fundamental 
question as to whether-muscle always supplies its energy requirement 
_ by oxidation of carbohydrate alone. Burn and Dale [1924] incidentally 


mentioned that their data were compatible with such a view, which was 


being advocated on other grounds at the time of their publication. They 


did not suggest, and we do not, that results obtained under such limited _ 
conditions contribute positively to the settlement of a _— wider 


SUMMARY. 

The R.Q. of the eviscerated spinal preparation, with artificially 

maintained blood sugar, has been determined under conditions excluding 

excessive ventilation, and found usually to be 1, In certain cases some- 

what lower quotients were obtained, but the view that the usual quotient 
of 1 is due to excessive ventilation is shown to be untenable. 


" We are greatly indebted to our colleague Dr J. Argyll Campbell, 


and his assistant Mr Pergande, for many of the gas analyses. 
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THE DELAYED ANAEROBIC HEAT PRODUCTION 
OF STIMULATED MUSCLE. 


By H. BLASCHKO!. 


(From the Department of Physiology and Biochemistry, University 
College, London.) 


Tue delayed anaerobic heat production (d.a.h.p.), after a tetanic stimulus 
in muscle, has been the object of several investigations since the first 
description of it by Hartree and Hill [1922]. Various explanations of 
it have been proposed, none of which, however, is very convincing. In 
their last paper on the subject Hartree and Hill [1928] suggested that 
the delayed heat might be due to an excessive stimulus of those muscle 
fibres which lay immediately on the electrodes. This explanation, how- 
ever, had to be abandoned when Hartree [1929] showed that the same 
phenomenon occurs after stimulation of the muscle through its nerve. 

The present experiments represent a critical examination designed 
to answer the question whether the effect is really due to an active 
process of some kind, or whether its appearance is artificial and caused 
by some peculiarity of the apparatus or of the method of calculating the 
results. Several possible causes have been examined, none of which gives 
a satisfactory explanation of the d.a.h.p., and we are again forced to 
the conclusion that its appearance after a tetanic stimulus is genuinely 
due to some process occurring in the muscle. | 

(a) A temporary rise in the osmotic pressure. It has been shown by 
Hill [1929, 1930] that a rise of osmotic pressure in a muscle on a thermo- 
pile causes an apparent heat production due to a decrease in the vapour 
pressure and a consequent difference in the rate of condensation of water 
on its surface. This rise of osmotic pressure has been recognized as the 
_ explanation of the increment in resting heat rate resulting from anaerobic 
stimulation. It seemed possible, therefore, that the d.a.h.p. was due 
to a temporary rise of osmotic pressure lasting for a few minutes after 
a contraction: such a rise might be caused, not perhaps by a change in 
the concentration of lactic acid, but by some other chemical process 


1 Working with a grant from the Notgemeinschaft der Deutschen Wissenschaft. 
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occurring within the period stated, e.g. by an alteration in the phosphagen 
system of the muscle. 

The possibility, however, of water condensation as an explanation 
could be excluded by placing the thermopile carrying the muscle in an 
environment in which water evaporation did not occur. Experiments 
were made, not as usual in an atmosphere of nitrogen saturated with 
water vapour, but in a chamber filled with liquid paraffin oil, anaerobic 
conditions being guaranteed by bubbling nitrogen through the chamber. 
The results were indistinguishable from those obtained in a long series 
of recent observations by Mr W. Hartree, of Cambridge, with a muscle 
in nitrogen. I have found the following percentage values for the d.a.h.p.: 


9, 44, 12, 12, mean 9? 


in paraffin oil. Mr Hartree in his series of experiments (unpublished) 
found as minimum values: 


5, 6, 3, 9, 6, 0, 6, 7, 10 
in nitrogen. The mean of his whole series in nitrogen, in close agreement 
with mine in paraffin, is 9 to 10 p.c. The possibility, therefore, that the 
effect can be attributed to water condensation caused by a temporary 
change of vapour pressure can be dismissed. 

(b) Non-uniform heat production during activity. The method of deter- 
mining the amount of heat set free in a given period of observation is 
based upon a comparison of the time course of the galvanometer de- 
flection in the experiments on the living muscle with a curve obtained 
from artificial heating of the dead muscle by means of an electric current 


of short duration. The application of this method is justifiable only if 


the heat produced in contraction appear in the same part of the muscle 
as the heat arising in calibration, i.e. in particular if in both cases the 
liberation of heat be uniform over the whole muscle. This assumption 
is certainly not strictly realized. The living muscle contracts and, there- 
fore, also produces heat, over its entire length, whereas in the control the 
heating current passes between the two electrodes, so that in the latter 
case no heat is set free in the extremities of the muscle. The reason why 
the warming current is not applied over the whole length of the muscle 
is that the final portion of the latter is of diminishing cross-section, and 
the heat produced in it by a given current would be greater, and the rise 
of temperature still greater, than in the central portion. The error due 


to non-uniform heating of the ends would be at least as bad as that due | 


to not heating them at all. 
a These and all my other experiments were made at room temperature (c. 18° C.). 
PH. LXX. 7 
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a 

It was possible, therefore, that in the case of an active muscle there 
- might be sufficient conduction of heat from the extremity to the thermo- 
pile, which did not occur in the control heating, to give the appearance 
of delayed heat production. It was @ priort unlikely that this could 
provide a satisfactory explanation of the phenomenon in question, 
_ because in the new all-metal type of thermopile [Hill, 1928) a silver 
frame of high heat conductivity and comparatively large heat capacity 
protects the thermopile elements from any heat liberated beyond the 
limits of the frame. In order, however, to make sure that no effect of __ 
this kind occurred, the upper end of a dead muscle was heated with an — 
alternating current between the upper electrode and the extremity. In 
this way the part of the muscle which is not usually heated in a control 
observation was heated, while the part which is usually heated, namely 
the part on the thermopile, was left unheated. For reasonable strengths 
of current the galvanometer did not deflect at all, but several seconds 
of heating with a very excessive current caused at first a very small 
positive deflection, which was followed after about 10 seconds by a 
much larger and long-lasting negative one. The explanation of the latter 
is that the shielding of the thermopile by the silver frame is so good that 
no considerable amount of heat reaches the hot junctions directly, even 
when the rise of temperature of the outside portion is very great. In- 
directly, however, by warming up the whole instrument it causes a 
greater rise of temperature in the “cold” junctions than in the “warm” 
ones, since the latter are protected to some degree from a rise of tempera- 
ture by the heat capacity of the cold muscle lying on them’. The pheno- 
menon observed is, in any case, in the wrong direction to explain the 
usual delayed heat production, and it occurs only when the heating at — 
the extremities is excessive, It is quite clear that in the experiments as 
usually conducted no effect at all is produced at the junctions by not 
warming the extremities in the control observations. 

Mr Hartree informs me that he has made similar observations from 
time to time, warming only the extremities of the muscle, and that he | 
agrees with the conclusion just given. 

It seemed possible, however, that the d.a.h.p. might be caused by a 
layer of the muscle lying in immediate contact with the thermopile not 
contracting as vigorously as more distant parts. During dissection and 

preparation slight injury at the surface might have occurred, and so led 
_-1 The experiments were made with a so-called differential thermopile which is used 
with only one muscle, the “warm” ee junotions on 
the opposite face, 
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- contact. with the thermopile would contract better than the other part. 


_ tion that its appearance is controlled by heat conduction over a distance 
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to a smaller response of the layer of muscle immediately on the thermo- 
pile. The heat conducting up from the more distant portions which 
contracted more strongly might then appear to have been produced after 
contraction was over.. In the usual arrangement the surface of the muscle 
in contact with the thermopile is that which lies free in the frog’s body 
immediately under the skin. In dissection it is certainly less exposed to 
danger of injury than the interior surface which is outside on the thermo- 
pile. We should expect, indeed, that the part of the muscle in immediate 


The delayed heat production, therefore, might be considerably increased 
if the inner face of the muscle were placed against the thermopile instead 
of the outer. Experiments were made with the muscle reversed in this 
way, and it was found that the d.a.h.p. was of the usual size. 

The result was not unexpected: the very slow decline in the rate of 
the d.a.h.p. and its long duration are hardly compatible with the assump- 


of less than 1 mm., namely, the thickness of the muscle. That a weaker 
response of the superficial layer is not, in any case, the cause of ‘the 
phenomenon could be verified directly by experiments in which the. 
difference between the control curve and the’curve from the live muscle 
was exaggerated artificially by placing a conducting but non-contracting 
layer between the muscle and the face of the thermopile.: 

For this purpose a strip of filter paper was fixed by spots of paraffin 
over the hot junctions, i.e. between the muscle and the surface of the 
thermopile. When, in this case, the muscle was stimulated the heat due 
to contraction reached the thermopile only after conduction through 
the filter paper, whereas in the control heating the filter paper, which was 
saturated with Ringer’s solution, conducted the current as well as the 
muscle and was, therefore, heated at the same time. 

In this case a delayed appearance of heat was observed due to lag 
in conduction, in addition to the usual d.a.h.p.: the character, however, 
and the extreme rapidity of its appearance showed it to be certainly 
due to conduction, and were so entirely different from those of the d.a.h.p. 
that the same reason could not possibly explain them both. The apparent 
delayed heat production caused by the presence of the filter paper 
between muscle and thermopile surface occurs during a short interval 
only after contraction, and is practically complete in 0-1 minute, whereas — 
the usual d.a.h.p. is much slower in its occurrence and diminishes gradually 
to zero during several minutes. Mr Hartree has made similar experi- 
ments with the same result. 
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The same conclusion that non-uniform contraction of the muscle 
over its cross-section is not the explanation of the d.a.h.p. can be reached 
by an approximate mathematical calculation of the time in which heat 
liberated in the outer half only would become uniformly distributed ; 
assuming the usual coefficient of thermal conduction for water as 
applicable to muscle, the time involved in the equalization of the heat 
would be much too short to afford the required explanation. 

_» The failure of all such attempts to explain the d.a.h.p. as an 
artefact forces us to conclude that in the normal muscle after a tetanus 
under anaerobic conditions a delayed heat production does really occur. 
The present experiments do not contribute any new evidence as to the 
processes involved in it or its significance. Presumably some chemical 
reactions at present unknown must follow contraction and be completed 
in the 3 or 4 minutes occupied by the d.a.h.p. 


SuMMARY. 


The delayed anaerobic heat production after g tetanus has been 
subjected to a critical examination. It is not dfie to condensation of 
water vapour caused by a ) possible temporary rise of osmotic pressure, 
nor is it due to non-uniform heat production in contraction or control. 
Its occurrence has been verified, and it has exhibited the usual variability 
the muscle. 
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NOTES ON THE KNEE EXTENSOR AND 
THE MIRROR MYOGRAPH. 


By ©. 8. SHERRINGTON. 


(Physiological Laboratory, 


1. In the frog’s sterno-radialis A. Rollett [1876], along with micro- 
scopical examination of the tendon nerve-endings, made search for 
evidence of tendon reflexes and obtained none. Sassa, however [1921], 
though noting absence of knee-jerk and ankle-jerk, elicited in the winter 
frog at-low room temperature a proprioceptive reflex in the flexor muscle 
semitendinosus; and Langelaan has noted [1901, see further Alten- 
burger, 1926] seeing the tendon reflex in “very lively” frogs in late 
winter. The defaulting of extensor stretch reflexes in the frog, whereas — 
in other laboratory types they are best marked of all the stretch reflexes, 


has been attributed [Sassa, 1921] to the flexor character of the reflex 


limb-posture in the frog, the flexor tonus favouring the myotatic reflexes 
of the flexors but not of the extensors. __ 

That on occasion in the frog the extensors may yield stretch reflexes is 
shown by the accompanying records: Fig. 1, curve 1, from the knee 
extensor, Fig. 1, curve 2, from the ankle extensor. The prepar-tions were 
decerebrate, with skin removed from the hind limb. For the triceps 
femoris reflexes the sciatic nerve was cut, and ileohypogastric; for the 
gastrocnemius reflexes the crural and peroneal nerves were cut and the 
tibial nerve itself below gastrocnemius. The pelvis, femur and tibia were 
fastened by transfixion. The freed tendon of the extensor muscle was 
attached by a short oiled thread to the torque arm of the torsion myo- 
graph (mirror pattern). The myograph gave 10 mm. deflection on the 
recording surface for 4 g. pull; the muscle was under slight initial tension. 
The reflex was evoked by moving the free end of the torque arm slightly 
toward the muscle, and then allowing it an abrupt release. Its overshoot 
gave the stretch. To this the stretched muscle responded regularly by a 
contraction. The reaction was immediately and permanently annulled 
by pithing or by severance of the muscle nerve. Detaching the rectus 
head of the muscle from its pelvic origin made no obvious difference to 
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the reflex. The tension developed by the reflex never gxceeded 10 g. _ 
A similar stretch reflex was under like conditions elicited from gastroc- 
nemius; it developed (Fig. 1, curve 2) less tension. The frogs examined 
were all of them small, weighing about 12-15 g. apiece. The tension value 
of the frog’s motor units is not known, but the number of them involved 
in these stretch reflexes can have been but a small fraction of the total 
muscle. The type of contraction response and latency conformed with 
“jerk” and kinetic myotatic reflexes as observed generally. 


Fig. 1. Isometric records (1) and (2) of myotatic reflexes in the frog, (1) at knee, (2) at 

_ ankle; (3) and (4) of motor-nerve tetani, rectus femoris, cat. Inset below (2) is natural 

frequency of myograph used in (1) and 2) 483 p. sec.; between the white marks 
d.v. fork) is «1 sec, 


2. For gauging a new and stiff torsion sleenent received from the 
National Physical Laboratory, I chose as muscle (cat) the rectus femoris 
portion of the knee extensor, which lends itself to rapid isolation for the 
myograph. The preparation was decerebrate. For fixation the iliac crest 
and pubic symphysis were clamped, and the proximal and distal ends 
of the femur held by clamped drills, though rectus itself is not attached 
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directly to the femur. All other of the limb muscles including the 
remainder of quadriceps were paralysed by nerve section and the psoas 
and psoas parvus by resection. Patella was detached from ligamentum 
patellae, and by a short steel hook connected with the torque arm of the 
mirror myograph. The hook caught in a well-oiled smooth hole about 
5-5 mm. from the axis of the torsion element. The experimental table, 
with the preparation supine, was screwed down low, allowing a fairly 
®@ {| *  unflexed hip with the thigh nearly vertical under the myograph. Crural 
| nerve was ligated proximally in the psoas and armed, distally of the 
Hi ligature, with glass-shielded electrodes. Stimulation was by means of a 
neon lamp-arrangement which I owe to the kindness and sympathetic 
interest of Prof. A. V. Hill. This arrangement, which is similarin principle 
to that described by Briscoe and Leyshon [1929], provides great range 
of frequency with sufficient scale of intensity of stimulation. In the 
present instance the stimulation employed was just supramaximal and 
of rate approaching 90 per sec. The maximal tension developed by rectus 
was a little more than 15-5 kg. (Fig. 1, curve 3). Since, ceteris paribus, the 
coefficient of friction varies directly with the perpendicular pressure at 
the movement interface advantage was taken of this high tension 
development to test the myograph’s freedom from overdamping, e.g. 
frictional damping at the torque bearing or elsewhere. The above obser- 
vation was, therefore, repeated with the modification of abrupt lapse 
of the nerve stimulation during the steepest course of the tension 
development and when high pressure, about 14 kg., already obtained 
at the bearing. Frictional distortion of the record should then reveal 
itself by some flattening and angularity about the “turning-points” 
of the record [Cooper and Eccles, 1930]. The test for frictional over- 
damping should thus be particularly sensitive. The records, e.g. Fig. 1, 

| | ‘curve 4, proved themselves free from such overdamping. 
i} The other distortion for a myograph to avoid is of course over-fling. 
| As to that the smooth unpeaked transition from tension ascent to tension 
| plateau in the tetanus record (Fig. 1, curve 3) guarantees freedom from 

the defect. 


The tension record may, therefore, be accepted as correct. It offers 
ero | some physiological interest on account of its high figure. Rectus is but 
| one and not the most bulky of the four divisions of the knee extensor; 
9 it accounts by weight for barely more than one-fourth of quadriceps, e.g. 
| ° 17-9 g. of a total 30-7 g.; or 8-5 g. of a total 31-7 g. The tension developed 

by it multiplied by three and taken for the knee extensors of both hind- 

limbs together arrives at 93 kg. The median head of gastrocnemius, 
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though not weighing so much as rectus, offers probably a greater cross-_ 
area and can develop probably a higher maximal tension. In a cat of 
slightly less weight than the present one, 3-7 kg., it has been observed to 
pull 15-8 kg. [Eccles and Sherrington, 19306]. Medial gastrocnemius 
makes by weight close upon one-third of sural triceps along with 

plantaris, e.g. 7 g. of 20-3 g. total; 7-9 g. of 24 g. total. Estimating its 

pull therefore as 16 kg. in this animal and multiplying by three and two 

_ (for the sural muscles of both hind-limbs together) there is 96 kg. to add 

to 93 kg. above. This brings a total of 189 kg. at potential disposal of 

the two hind-limbs for extension, below the hips, in an animal weighing 

3-7 kg. The amount even thus baldly put is impressively high. 

3. The examples above from frog and cat show the adaptability 
of the myograph employed. For mammalian muscles readily accessible 
to myography the most favourable fixation is, in the great majority of 
instances, vertical with downward pull, and on a table allowing ample — 
room for operative attention to the preparation, its fixation, readjust- 
ment, etc., and therefore unembarrassed by the optic recording system 
which to some extent must cross it. For this the horizontal track of the 
projection path is kept raised (Fig. 2) at a level altogether above both 
preparation table and anything likely to be needed there. The magnified 
image of an illuminated spectrometer slit (Z) is thrown vertically on the 
horizontal opening of a falling-plate camera (extreme left of Fig. 2), and 
is deflected laterally in the plane of the opening by torsion of a steel 
element (7') to the torque arm (A), of which the muscle (M) is hooked. 
_ The torsion element rigidly supported is horizontal and carries a small 
plane upturned mirror (m) [Creed and Sherrington, 1926]. To this the 
projection path at one point almost vertically dips, to be thrown upward 
again to a rectangular prism (P), whence it continues horizontally — 
forward. The vertically aligned pull of the muscle is thus recorded as a — 
horizontal displacement of the bright line focussed on the camera plate, 
1-2 mm. distant. The table is heavy and rigid and of adjustable height, 
and the bony attachments of the muscle are rigidly — to its top 
which is strengthened by an iron plate. 

_ A steel upright (8) wholly independent of the scien table 
carries the torsion element on a rigid arm adjustably within range of 
the muscles clamped below to the table. It is convenient for many 
purposes to use a pair of torsion elements fixed side by side, either for 
two muscles simultaneously or for interchange of one muscle, or with 
the mirror of oneas light for a tuning-fork shadow (Fig. 1, curves 1 and 2), 
Rayleigh wheel, etc. The torsion rods used above were of the form 
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designed by the National Physical Laboratory [Eccles and Sherring- 
ton, 1930a] and in this instance kindly constructed there as well. A short 
knife edge in the axial line of the rod near the unclamped end of it serves 
for the torsion bearing. The knife edge rests vertically on a polished steel 
surface. This latter in the present observations was simply and effectively | 
given by a steel needle slightly grooved at the place of bearing, the 
needle being bedded horizontally on a hard brass plate, this latter 
adjustable vertically and rigidly supported. The natural frequency of 
the torsion element with its mirror and torque arm as used for the frog 
stretch reflexes above was over 480 per sec. (see inset under Fig. 1, 
curve 2, with the tuning-fork turning points, marked by two white dots, 


Fig. 2. Diagram of arrangement of myograph for mammalian work. 


at ji, sec. apart). With the above bearing the subsidence of visible 
vibration after release from angles of torque, such as demanded by actual 
experiment, took more than 4 seconds. But introduction of the muscle 
into the system secured a damping sufficient for the purpose in view. 
The natural frequency of the stiffer torsion element as used for rectus 
(Fig. 1, curves 3 and 4) and similarly examined was above 1500 per sec., 
but how much above was not ascertained. 

The affixing of the first-surface mirror to the end of the torsion bar, 
instead of, as previously, laterally, presents advantages; nor does it 
there suffer, as might be feared, any appreciable tilt of its axis even 
under heavy pull. The advantages of the end-position are important. 
(1) It allows the axis of rotation to lie in the plane of the reflecting 
surface, a gain upon not only the former torsion-wire mirror pattern 
(Sherrington, 1928] but to some extent upon the very serviceable 


| 
“ae 
A 
3 
x 
4 
4 
¥ 
| ! (0 ) 
4 
3 
j 
= 
M 
| \ } 
4 
e 
x 
% 
‘4 
> 
aA. 
A 
» 
ae 
~ 
ow 
‘ 
ne 


106 8. SHERRINGTON. 
stretched steel-strip form with mirror [Hartree and Hill, 1921]. 


(2) For a similar size of mirror the moment of inertia is less than with — 


_ the side-fixed pattern. (3) The angle of torque is picked up where largest. 


(4) It avoids the strain and consequent’ deformation of the reflecting — 


surface liable to happen when making tight the fixation of the mirror 
to the torsion bar. In the terminal position the mirror can be carried 
by a little slotted brass sleeve on the stub of the torsion rod, round which 
it can be rotated and set for any zero. It is thus easy, even with the 
camera at short range, to have a deflection magnifying 650 times the 
movement of the torque arm at the point of application of the muscle. 


This gives a further safeguard against lateral slip of the knife-edge 


bearing, because restricting (2°) thé angle of torque needed. 


The mirror myograph gives rectilinear ordinates. Unlike, therefore, — 


its shadow pattern predecessor [Sherrington, 1921] of curved ordinates, 


it allows strengthening of the image by cylindrical compression of the. 


- beam. A cylindrical lens (C’) of 2 cm. focal length near in front of the 
camera slit serviceably condenses the bright line image on the plate. 
The strengthened image suffices, even without an arc source, namely 
with the ordinary “ point-o-lite” source, for recording well with travel 


speeds up to 0-5 metre a sec., and against a moderately light background 


_ on which shadow records can be obtained. The help of the cylindrical 
lens, therefore, readily allows the advantage of combining with the 
bright-line mechanical record of the muscle the convenient shadow 
records of break or short circuit keys, tuning-fork, etc., as also—an 
important consideration—the string galvanometer shadow. 

The range of tension manageable without change of camera distance 
is usefully wide, e.g. in the above instances (Fig. 1, curves 1 and 3) from 
an excursion of 4-5 mm. per kg. to an excursion of 2-5 mm. per g. tension. 
For some purposes and muscles the less stiff torsion elements would 


need greater damping. The introduction of a little fluid friction would 
be practicable. Unlike frictional damping at the this 


not bring any uncertainty into the zero. 


‘SumMaRY. 


- Stretch Teflexes are recorded for knee and ankle extensors in the 


decerebrate frog. 

_ From observations on rectus Jeanie an estimate is outlined for the 

contraction tension of the extensors of knee and ankle (cat). | 
The arrangement and construction of a or suitable for mam- 

malian observations are | 
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I have to thank the Director, Sir Joseph Petavel, and Mr Hyde 
of the National Physical Laboratory for their kindness in furnishing 
t the torsion bars employed. Also I would call attention to the use by 

Mines [1913] of a mirror mounted on a spring for photographic regis- 
te tration of isometric contraction in frog’s muscle, with illustration by a 
sample record. 
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REACTIONS OF DENERVATED VOLUNTARY MUSCLE, 
AND THEIR BEARING ON THE MODE OF ACTION 
OF PARASYMPATHETIC AND RELATED NERVES. 


By H. H. DALE ann J. H. GADDUM. 
(From the National Institute for Medical Research, Hampstead, N.W. 3.) 


I. Inrropuctory. 


A PaPER recently published by one of us with H. W. Dudley [Dale and 
Dudley, 1929] described the isolation and identification of acetylcholine 
from the perfectly fresh spleens of certain animals. The occasion of the 
first chemical recognition of this substance, as a natural constituent of 
the body, was taken to review the evidence suggesting its connection 
with certain normal effects of parasympathetic nerves, and also with 
the contractures produced in denervated voluntary muscles by stimu- 
lating parasympathetic and other nerves having, normally, only vaso- 
dilator actions. The possibility of explaining this association, between 
the normal vaso-dilator actions and the effects on motor denervated 
muscles, by attributing both to the peripheral liberation of a substance 
having both types of action, had presented itself to several who have 
worked on these phenomena. It was mentioned by Bremer and 
Rylant [1924] and again by Hinsey and Gasser [1928]. The view 
published from this laboratory differed from these only in suggesting 
acetylcholine, which produces both types of effect with unique intensity, 
as most likely to be the substance in question. The recent careful review. 
by Gasser [1930] of work on these contracture responses of denervated 
muscles, from their first discovery by Philippeaux and Vulpian 
[1863] to the present day, makes it unnecessary for us to give a 
connected historical survey; we need only refer, in their proper places, 
to earlier observations bearing on our own. 

‘Gasser, in his review, mentions some difficulties in the way of 
accepting acetylcholine as the common mediator of these effects, in 
particular the well-known ease with which the vaso-dilator. effect of 
acetylcholine is obliterated by small doses of atropine, which leave the 

otherwise similar vaso-dilator effects of the chorda tympani and of 
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antidromic stimulation of sensory nerves [Reid Hunt, 1918] practically 
unaffected. 

Adrenaline, again, has a potent antagonism to the production of 
contracture in denervated voluntary muscle by intravascular injection 
of acetylcholine; on the other hand, it does not always diminish, but 
often even increases the otherwise similar contracture produced by 
stimulation of the appropriate, normally vaso-dilator nerve. It is our 
purpose in this paper to record certain observations on the manner 
of production of these contractures in denervated muscle by stimulation 
of, such nerves, and on the depression or augmentation by other sub- 
stances of these effects, whether produced by nerve stimulation or by 
acetylcholine and analogous substances. Our object has been to examine 
more critically the evidence for a chemical intermediary in the nerve 
effects, and for its Biaiurtss identification as acetylcholine. 


Mernops. 

For experiments on denervated voluntary muscles with their natural 
vascular supply we have used the musculature of the tongue and the 
gastrocnemius, All these experiments have been made on cats and dogs, 
those using the gastrocnemius being on cats, those on the tongue mostly 
on dogs, with a few on cats. All the records of movements of the tongue 
reproduced in the figures were obtained in experiments on dogs. Two 
experiments were made on muscles artificially perfused with blood, and 
for these the dog’s gastrocnemius was used. For experiments on muscle 
isolated from the body slips of diaphragm were found to be suitable; 
these were obtained from young cats, in which the phrenic nerve was 
easily reached in the neck for division. A few experiments on rats 
showed that a sensitive preparation could be obtained from them also. 

Denervation. The preliminary nerve sections were all done under 
angsthesia with ether, and with full asepsis. For the denervation of the 
tongue the hypoglossal nerve was isolated in its course medial to the 
submaxillary gland, and about 1 cm. was excised. For experiments on 
the response of the denervated gastrocnemius to drugs only, the sciatic 
was cut high in the thigh, or the tibial nerve in the popliteal space; the 
former operation being used for most of the experiments on cats, the 
latter for those on dogs. In experiments made on the response of the 
gastrocnemius to antidromic stimulation of sensory fibres, or on the 
effect of sympathetic nerve stimulation on its response to drugs, the 
spinal roots were cut intradurally, so that the ventral root fibres de- 
generated and those in the dorsal roots remained. Section of the fifth 
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to ninth post thoracic roots caused degeneration of all motor fibres to 


the gastrocnemius, so that the Sherrington contracture was produced 


on peripheral stimulation of the sciatic. In three cases a part of one 
ventral root was left intact, as detected by the production of a weak 
tetanus on faradization of the uncut sciatic nerve in the spinal prepara- 
tion, Since nearly the whole of the gastrocnemius in these cases had 
lost its motor nerve fibres, it responded with good contractures to 
acetylcholine, and was used for testing the antagonism to this effect of 
stimulating the abdominal sympathetic chain, the sciatic nerve being 
left intact. Denervation of the half-diaphragm was carried out by 
avulsion of the right phrenic nerve, so as to eliminate the possibility 
of fibres being left intact from an accessory root, not easily reached and 
identified from the neck incision. The nerve was seized below the junction 
of the second main root from the fifth cervical nerve, and was pulled 
out of the thorax. Dissection after death showed that it had been broken 
in the neighbourhood of the right auricle. After the preliminary nerve 
sections 10 to 24 days were allowed for degeneration in different experi- 
ments, 

For the experiments on the reactions of denervated muscle with 
natural circulation, at the end of the degeneration period, the animal 
was either anesthetized fully with chloralose following ether, or was 
made into a spinal preparation by high section of the spinal cord and 
destruction of the brain under ether. The former method was used for 
all the experiments on the tongue, the latter for most of those on the 
gastrocnemius. In the earlier observations on the tongue, including both 
those made on the cat, we used only visual observation, supplemented 
in one case by photography. Later we found it more convenient to make 
a mechanical record of the movements, using a method similar to that 
employed by v. Rijnberk [1915]. The anjmal lay on its back, with the 
head on the table, kept in position by a cord passing behind the upper 
canine teeth. The lower jaw was held in the widely open position by a 
similar cord attached to a support. Transmission to the tongue of 
respiratory movementé of the larynx were minimized by passing a 
pointed steel rod through the soft parts just caudal to the hyoid bone, 
and fixing its two ends to vertical supports at the sides of the table. 
The tongue fell naturally into the roof of the mouth, and a fine thread, 
sewn through the tip, connected it to the end of one arm of a light 
lever, placed almost vertically above it. The lever moved in a plane 
radial to the recording drum, on which its other end recorded by a 
frontal writing point. A small weight attached to the lever kept the © 
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thread taut and the tip of the tongue just raised from the roof of the 


mouth. 

A contracture of the denervated half causes the whole tongue to 
rise from the roof of the mouth, and such movement was recorded by 
a fall of the writing point of the lever. It will be clear, however, that 
such a tracing does not record the contraction of any particular muscle 
system in the tongue. It gives only a crude record of the movement of 
the tip of the tongue, due to the rise of the whole organ with the con- 
tracture; but this was sufficient for our purpose. 

In experiments on the cat’s gastrocnemius the femur was held 
rigidly by a steel rod transfixing its lower end, the muscle was dissected 
clear of others, and the Achilles tendon was connected to an isometric 
spring lever, as in Dale and Gasser’s experiments [1926]. To record 
the movements of the isometric lever on the same drum as the blood- 
pressure, etc., we attached its end to the same simple lever, with frontal 
writing point, as was used for recording the tongue contractures. Down- 
ward movements of the curve, accordingly, give a practically quantitative 
record of rise of tension in the gastrocnemius. The exposed muscle was 
kept warm and moist by a stream of Ringer’s solution, passing through 
a coil in a thermostat bath and directed in a jet on to the upper side of 
the muscle, which was covered with a thin wisp of cotton wool. In 
perfusion experiments on the dog’s gastrocnemius the muscle was left 
in its natural relations, the tendon only being isolated, detached with a 
portion of the calcaneum, which was sawn across, and then connected 
to the tension lever.. For isolated strips of diaphragm the ordinary 
thermostat bath, designed for isolated strips of involuntary muscle, was 
used, a vigorous stream of oxygen bubbles being maintained through 
the Ringer’s solution. A light isotonic lever, giving about a six to seven- 
fold magnification, was used for recording the contractures. 

Nerve stimulations were made through platinum electrodes. These 
were usually fixed in a clamp, the nerve being laid across them and 
protected from drying, so that successive stimulations were applied to 
the same stretch of nerve. Induction shocks were used, obtained from 
the secondary of a cored coil, the cufrent in the primary, obtained from 
a single accumulator cell, being in most cases interrupted by the ordinary 
_ automatic spring hammer. For special purposes Lewis’s rotating inter- 
ruptor was used to give break-shocks at different known rates. The coil 
and primary current used, with automatic interruption, gave a stimulus 
just perceptible on the tip of the observer’s tongue with the meeniry 
coil at 16 c.c. distance. 
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For intravenous injection of drugs a cannula was tied in the external 
jugular or femoral vein. For intra-arterial injections cannule were tied 
into suitable branches, which were clamped except at the moment of 
injection, so that the drug was carried straight to the denervated muscle. 
For the tongue the arterial injection cannula was usually tied into the 
central stump of the superior thyroid artery, so that injection was made 
into the blood flowing in the carotid artery. For experiments on the 
denervated gastrocnemius, both internal iliac arteries and the external 
iliac of the normal side were tied. The central stump of one (or sometimes 
two) of these tied arteries was provided with an injection cannula, so 
that drugs were injected into the aorta at the bifurcation and carried by . 
the blood directly to the denervated leg. 


III. Resvtrts. 


(1) Development and fatigue of response to nerve stimulation. 

The general features of the response are most easily studied in the 
tongue, though there is nothing to suggest that the contracture of the 
motor-denervated leg muscles, with stimulation of the antidromic vaso- 
dilator fibres, is not wholly analogous. In the latter case the fibres 
concerned have been traced to endings on the blood vessels, and not 
on the muscle fibres [Hinsey, 1927] and have been shown to be the 
fibres responsible for vaso-dilatation [Hinsey and Gasser, 1930]. It 
is reasonable to assume, then, that in the tongue also, in spite of the 
endings of small nerve fibres on the muscle described by Boeke [1921], 
the contracture is due to stimulation of the vaso-dilator fibres, as 
Heidenhain [1883], indeed, long ago concluded. Heidenhain, how- 
ever, also recognized that it was not a direct effect of increased blood 
flow, since it persisted after stoppage of the circulation and could even 
be obtained in a tongue excised with the chorda-lingual nerve attached. 
The general natute of the contracture forbids its attribution to stimu- 
lation of muscle fibres by action currents in these small nerve fibres 
(cf. v. Rijnberk, 1915; Gasser, 1930], and Heidenhain, recognizing 
the need of some process between vaso-dilator action and stimulation 
of the sensitized muscle fibres, supposed that the latter had,-by dener- 
vation, been rendered in some way sensitive to lymph secretion. With 
our present knowledge of substances which always cause arterial dila- 
tation, and cause contracture of voluntary muscle only when motor 
denervated, Heidenhain’s facts are more easily interpreted in terms 
of the liberation of such a substance. That lymph formation as such is 
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not the effective stimulus to contracture is easily shown. A substance 
like histamine is highly effective in causing lymph formation, but its 
injection into the circulation of the denervated muscle causes no con- 

- Heidenhain observed the dog’s tongue under conditions similar to 
those in our experiments, except that he recorded only the beginning 


of its rise from the resting position, by the breaking of an electrical 


contact. This enabled him, however, to observe that, of a series of slow 
induction shocks applied to the chorda-lingual nerve, the first few 
seemed to be ineffective; then would follow a series of contractions, 
increasing in duration until they fused, so that the contact remained 
_ broken until after the shocks were stopped. He found, further, that when 
the rate of stimulation was increased, the latent period was not merely 
shortened; a smaller number of the more rapidly occurring shocks was 
needed to produce a recognizable contracture, than with the slower rate. 

We also varied the rate of chorda-lingual stimulation, using break- 
shocks obtained with Lewis’s rotating key, and recording the whole 
course of the tongue movement. Fig. 1 shows a typical set of results. 


er 


Fig. 1. Record of movement of denervated tongue of dog. Stimulation of chorda-lingual 


with break-shocks at different rates. Stimulation begins at +, ends at +. 


The coil distance was first determined, at which, with rapid repetition 
of shocks, the tongue would pass into maximal contracture during 
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20 seconds or less of chorda-lingual stimulation. Different rates of 
stimulation at this constant strength of shock were then tested, an 
interval of 3 to 5 minutes being allowed for complete recovery after each 
period of stimulation. 

It was found that reduction of the rate from 60 down to about 
20 per sec. made no perceptible difference to the result. When the rate 
was reduced below 20 per sec. the effect rapidly changed. At 4 per sec. 
no effect could be detected. At 7 per sec. (see Fig. 1) there was a pro- 
longed latent period; it is uncertain, indeed, whether the slight and very 
gradual fall of the curve, which is seen till nearly 20 seconds have elapsed 
from the beginning of stimulation at the arrow |, is due to slight 
contracture or merely to turgescence from vaso-dilatation. After this 
the curve begins to fall at a greater rate, though still slowly, and after 
a further 35 to 40 seconds (including a portion cut out of the record and 
corresponding to 20 seconds) the contracture is seen to have reached a 
steady low maximum, the stimulation being continued in this case 
beyond the end of the portion shown. At 10 per sec. (Fig. 1) the latency 
is shortened and the contracture progresses more rapidly when it appears. 
When the stimulation is stopped at the second arrow + , 1 minute after 
its commencement, the contracture has again reached a practically 
steady level, much higher than the maximum attained at 7 per sec., 
and slow relaxation begins within a second of the end of stimulation. 
When the stimulation is raised to 20 per sec. or more (Fig. 1 shows a 
response to 40 per sec.), the effect presents a very different picture. The 
contracture begins rapidly after a latent period of about 0-5 second, and 
attains its maximum in about 8 seconds; at 10 seconds from the com- 
mencement, and with continued stimulation, relaxation begins to set in; 
and when, at the end of about 18 seconds, the stimulation is stopped (+), 
the rate of relaxation is hardly increased beyond that already attained 
during the later part of the stimulation. It should be noted that the 
small steps, just visible on the steeply falling first part of this curve, do 
not represent individual contractions, having no relation to the rate of 
stimulation; they correspond to heart beats, the tongue, with dilated 
arterioles, pulsating visibly. Other slight changes in the level of the 
curve, at wider intervals, are due to transmitted traces of movements of 
the larynx with respiration. 

Such relations of the effect, to the rates at which shocks of constant 
strength are applied to the nerve, would not be easily explained on any 
theory of direct conduction of the nerve impulses to the muscle fibres, 
even if an anatomical connection were known to exist. On the other 


¥ 
x 
4 
4. 
A 
on 
if 
oy 


116 H.H, DALE AND J. H. GADDUM. 


hand they, together with all the observations made on these phenomena 
by earlier workers, become easy to interpret, if we suppose the direct 
effect of the nerve impulses to be the liberation, at their peripheral 
endings in relation to the blood vessels, of a labile, diffusible substance, 
which stimulates contracture in the sensitized muscle. In order to 
stimulate the muscle fibres, such a substance must be produced at a rate 
sufficiently in excess of the rate of its destruction, or its removal by the 
circulation, to reach them in an effective concentration. If stimuli of a 
given strength are too widely spaced, it is easy to understand that the 
substance liberated in response to each will be destroyed or removed 


before the succeeding one occurs, and that, with increasing rates a Be 


stimulation, rise of concentration to the threshold will occur-with fewer _ 


stimuli and increase beyond it will be accelerated. On the other hand, _ 


a single induction shock, of sufficient strength to stimulate every fibre 
of the nerve, might in a suitable preparation cause the sudden liberation 
of sufficient substance to enable it just to reach the muscle fibres in 
sufficient concentration to evoke a small contracture. Such an effect 
of a single strong shock has been recorded by several observers, being, 
according to Bremer and Rylant, more commonly obtained in the 
tongue of the cat than of the dog. 

The commencing subsidence of the contracture, during continued ~ 
stimulation with shocks at 20 or more per sec., is not always seen. 
In certain preparations we obtained contractures which continued to 
increase during stimulation of the nerve for a minute or more, and even 
for some time after the stimulation was stopped, before beginning slowly 
to subside; but the type of effect seen in Fig. 1, with stimulation at 
40 per sec., is commoner. Fig. 2 shows a similar effect with stimulation 
at 20 per sec., recorded on a slower drum. Here we have evidence of 
fatigue, and the question arises whether it is a fatigue of the mechanism 
producing the stimulant substance, or fatigue of the muscle fibres to its 
stimulant action. It is not due to local fatigue of the nerve to the strong 
electrical stimulation; shifting the electrodes to a more peripheral 
stretch of the nerve produces no revival of the effect. The choice lies, 
therefore, between temporary exhaustion of the peripheral mechanism 
for liberating the stimulant, and a refractoriness of the muscle to its 
action. Such a refractory condition is known to be produced by the 
various substances which evoke this type of contracture of denervated 
muscle on injection, including acetylcholine [cf. Gasser and Dale, 1926]. 
Refractoriness to the naturally liberated stimulant cannot, however, play 
a large part in the phenomenon here under consideration. When the 
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contracture is subsiding from its maximum with continued nerve stimu- 
lation, an intravascular injection of acetylcholine is still effective. After 
many successive stimulations of the nerves, it sometimes happens that 
the effect on the tongue muscle is permanently weakened, so that each 
further stimulus causes only a weak contracture, which rapidly subsides 
during the stimulation. If, during such ineffective stimulation, a small 
dose of acetylcholine is given by arterial injection, it produces an effect 
as great as that of an equal dose given without stimulation of the nerve; 
the effect may be even somewhat increased, as in Fig. 3, probably 
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Fig. 2. 
Fig. 2. Denervated tongue. Slower record. Stimulation of chorda-lingual for 90 seconds. 
Fatigue effect. 2 
Fig. 3, Denervated tongue. A, B and C arterial injections of ly acetylcholine. Stimulation 
_ Of chorda-lingual for 2 minutes from |. : 


because the already dilated vessels of the tongue enable it to reach its 
point of action more quickly. On the other hand, a larger injection of 


_ acetylcholine, sufficient to produce an after-depression on the effect of 


another similar injection, depresses also the effect of nerve stimulation. 
This, however, has little significance, in view of Gasser and Dale’s 
observation that acetylcholine caused a temporary depression even of the 
response of the denervated muscle to direct électrical stimulation. It 
seems clear, in any case, that the fatigue of the response to nerve stimu- 
lation is due mainly to a weakened efficacy of the nerve impulses in 
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liberating the stimulant substance, at such a rate that it reaches the - 
muscle fibres in effective concentration. 

Mention should be made of other experiments in which, instead of 
stimulating the nerve with shocks of constant strength at different rates, 
we kept the rate supramaximal by use of the automatic spring hammer, 
and varied the strength by adjusting the distance of the secondary 
coil. The change of strength did not obviously affect the latency or the 
initial rate of development of the contracture, but its maximum extent 
declined rapidly with decrease of the strength of the shocks. The effect 
of diminishing the strength of stimulus was presumably to diminish the 
number of nerve fibres stimulated, and, as the results seemed, on that 
basis, to be compatible with almost any theory of the mechanism, we 
did not pursue the point. 


(2) Action of Adrenaline. : 

(a) Nervous contractures. | 
_ Concerning the immediate effect of circulating adrenaline, on th 

contracture of denervated muscle evoked by intravascular injection of 
acetylcholine, or of any similarly acting drug, theré is no doubt or differ- 
ence of opinion. The presence of adrenaline in the circulation when such 
an injection is made abolishes its effect or reduces it to a very small 
remnant [cf. Frank, Nothmann and Hirsch-Kauffmann, 1922, 
1923; Gasser and Dale, 1926]. On the other hand, while Frank and 
his co-workers observed that an intravenous injection of adrenaline 
abolished, in like manner, the V ulpian phenomenon in the dog’s tongue, 
no reduction of this effect, under apparently similar conditions, was 
observed by Langworthy [1924] or by Plattner and Reisch [1926] in 
the cat, or by v. Rijnberk [1915] or by Orbeli and Fiedelholz [1928] 
in the dog. Hinsey and Gasser, however, found that an intravenous 
dose of adrenaline caused a temporary suppression of the Sherrington 
phenomenon in the cat’s gastrocnemius. There was at least not a regular 
concordance between the recorded actions of adrenaline on the drug 
effects and on those of nerve stimulation. The discrepancy, it should be 
noted, would present difficulty for a theory attributing these latter to 
the liberation of any substance of the class producing the contracture, 
and not only for that concerned with acetylcholine. 

Our first experiments on this point were made on the motor-dener- 
vated tongues of cats and dogs, with direct, visual observation of the 
effects. Their result was to confirm the statements of Langworthy, 
Plattner, v. Hijnberk and Orbeli, that adrenaline does not abolish 
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or perceptibly diminish the response of the tongue to chorda-lingual 
stimulation. We observed, on the contrary, that adrenaline caused a 
pronounced prolongation of the response to a brief period of stimulation. 
Normally the tongue began its relaxation from complete contracture as 
soon as the stimulation was stopped, and had returned to its original 
position in a time only about twice as long as that taken in attaining 
the maximum of contracture. A stimulus given shortly after an intra- 
venous injection of adrenaline caused maximal contracture at a rate 
ap tly normal; when the stimulus ceased, however, the contracture 


persisted without perceptible diminution for an interval as long as that 
occupied by the normal relaxation, and then subsided so slowly that it 
was difficult to fix the time of its completion. The following extracts 
from protocols illustrate this effect. 


Cat. 3-6kg. Right hypoglossal nerve cut under ether 20 days previously. Anzsthetized 
with chloroform and ether, followed by chloralose supplemented by occasional ether, as 
needed. Right chorda-lingual prepared. Mouth held open for inspection of the tongue, 
which falls into the roof of the mouth. | 

11.48. Stimulation of right chorda-lingual, coil at 12 cm., for 10 seconds. Maximal 
contracture of tongue. Relaxation begins promptly on cessation of stimulation, and takes 
about 7 seconds in completion. 

11.54. Repeat same stimulation. Tongue reaches maximal contracture in a few seconds, 
and again takes about 7 seconds from cessation of stimulus for complete relaxation. 

11.59. 0-5 mg. adrenaline into femoral vein. 

12.0. Rise of arterial pressure just past the maximum. Stimulate right chorda-lingual, 
coil at 12 cm., for 10 seconds. Contracture complete in about 2 seconds. On stoppage of 
stimulation relaxation is delayed, proceeds very slowly when it begins, and is still incom- 
plete at 1 minute after cessation of stimulus. 

12.10. Repeat same stimulation. Contracture as before. Relaxation complete in 
8 seconds. 

The sequence was repeated with similar results. | 

Dog. 10 kg. Right hypoglossal cut under ether 15 days previously. Anzsthetized 
with ether followed by chloralose. Right chorda-lingual isolated. Arterial pressure from 
femoral artery, injections into femoral vein. Mouth held open for observation. Tongue 
lying flaccid in the roof of the mouth. 

12.32. Stimulation of chorda-lingual, coil at 8 om., for 10 seconds. Contracture, taking 
about 6 seconds to reach maximum, when tongue was raised to the level of the lifted lower 
jaw, drawn towards and curling round its right side. On stopping stimulation tongue 
begins to relax and has returned to original position in 13 seconds. 

12.39. Repeat stimulation with similar result. Relaxation in 12 seconds. 

12.43}. 0-5 mg. adrenaline intravenously. : 

12.44. Repeat chorda-lingual stimulation, coil at 8 cm., for 10 seconds. Contracture 


not perceptibly different in onset, rate, or extent from the previous ones. On stopping 


stimulation tongue did not begin to relax for 15 to 20 seconds, and then very slowly, the 
contracture not having disappeared completely after 14 minutes. 

12.54. Tongue now more sensitive to chorda-lingual stimulation. Stimulation for 
10 seconds with coil at 14 cm. Contracture as before. Relaxation 11 seconds. 
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12.59. 1 mg. adrenaline intravenously. 

1.0. Stimulation of chorda-lingual 10 seconds coil at 14 cm. Contracture as before. 
in 1 min, 40 sec, 

The sequence was several times repeated. 

We decided to observe more accurately the time didn of the 
effect, under normal conditions and with a large dose of adrenaline in 
circulation, by mechanically recording the movement of the tongue. 
Figs. 4 and 5, showing the records of the contracture in response to 
equal periods of nerve stimulation under the two conditions, show the 
characteristic after-prolongation of the contracture, produced by adrena- 
line. We observed such an essentially adjuvant effect of adrenaline in 
all our experiments on the Vulpian phenomenon save one. Thus our 
experience, with this single exception, confirmed that of the earlier 
observers who had detected no antagonism of adrenaline to this effect, 
and particularly that of Plattner and Reisch and of Orbeli and 
Fiedelholz, who had described it as having an adjuvant action. 
Plattner and Reisch found that adrenaline lowered the threshold of 
the Vulpian phenomenon in the cat, and Orbeli and Fiedelholz, to 
whose pyblished results we have yet had access only in an abstract’, 
observed lowering of the threshold, and increased extent and duration 
of response to a submaximal stimulation in the dog. The general run of 
our own experience was, therefore, in accordance with that of the 
majority of other observers. In one dog, however, we observed a de- 
pressant action of adrenaline on the Vulpian effect, and this was 
repeated with successive trials in this experiment. Fig. 6 shows this 


Fig. 6. Denervated tongue. Stimulation of chorda-lingual. 0-5 mg. of 
adrenaline i.v. at 2.10. Exceptional depressant action of adrenaline. 
1 We have had also a pleasant opportunity of seeing some of the tracings and discussing 
them with Prof. Orbeli, after our own had been obtained. 
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exceptional effect. The regular appearance of the phenomenon on 
repetition excluded the possibility of accident, such as short-circuiting 
of the electrodes. The effect was a real one, and we find no reason to 
doubt that the complete suppression of the Vulpian contracture by 
adrenaline described by Frank, Nothmann and Hirsch-Kauffmann 
who only record this one observation on the point, was a similarly 


genuine case of this exceptional effect of adrenaline. 


We had indications, therefore, of two effects of adrenaline, in opposite 


directions, on the Vulpian phenomenon alone. In the case of the 


Sherrington phenomenon, which Hinsey and Gasser [1928] found 
to be suppressed by circulating adrenaline, our own observations 
frequently produced evidence of a depressant and an adjuvant effect, 
appearing as two phases of the action of one dose of adrenaline. We 
confirmed Hinsey and Gasser in finding that adrenaline depressed the 
contracture, at the height of its effect on the blood-pressure and for some 
time afterwards. In our experience, however, the depression never went 
so far as to abolish the response completely. When equal short periods 
of sciatic stimulation were given at intervals after the adrenaline in- 
jection, the maximum reduction of the response was reached at about 
1 minute. Thereafter the contracture steadily recovered with successive 
stimulations and usually showed a phase of clear increase, both in 
strength and persistence, and finally returned to approximately the 
initial value. This after-phase of accentuation was as pronounced as the 
first phase of depression, but it tended, after several doses of adrenaline, 
to fade, so that depression became the only obvious effect of a later dose. 
Fig. 7 gives two records of the effect of adrenaline on the Sherrington 
phenomenon, both showing the primary depression, but only the upper 
one showing the subsequent adjuvant effect. The lowest record in this 
figure shows, for comparison, the complete extinction by adrenaline of 
the much stronger contracture evoked by a small arterial injection of 
acetylcholine. A similar but not quite complete suppression by adrena- 
line of the acetylcholine contracture of a denervated dog’s tongue is shown 
in Fig. 8, the dose of adrenaline being such as habitually causes the 
increase of the corresponding nervous contracture shown in Figs. 4 and 5. 
To complete the account, we should mention the observation that 
adrenaline (0-1 to 0-2 mg.) injected into the carotid artery, so that it 
reaches the tongue in relatively high concentration, produces yet another 
type of effect on the Vulpian phenomenon. The response is initially 
but little altered, but shows a gradual reduction with successive stimu- 
lations. The depression does not reach its maximum until about 12 
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minutes from the injection, and then as slowly disappears. It seems to 
be directly related to the intense and prolonged ischemia, which is 


Fig. 7. 
Fig. 7. Tension records of gastrocnemius (cat) denervated by root section. A, stimulations 
(antidromic) of dorsal root fibres in sciatic, in each case for 10 seconds, coil at 6 cm. 
B, same as A, later in experiment, coil at 5:5 cm. Between A, and A,, and B, and B, 
1 mg. adrenaline i.v. At A.C. Sn eee At Ad. 0-2 mg. 
adrenaline i.v. 


Fig. 8. Denervated tongue. of mg, acetylcholine. At 3.9, 
adrenaline was injected i.v. 


visibly produced in the tongue by adrenaline given in this way. The same 
kind of gradual depression of the response follows stoppage of the blood 
flow by arterial clamping, and the pituitary vaso-constrictor principle 
(“vaso-pressin,” 1 unit) produces a closely similar effect when injected 


in this way. It seems, therefore, that this adrenaline effect can be re- 


garded as the result merely of vaso-constriction, producing a prolonged 
ischemia. This was not the case with either of the effects on the con- 
tractures following general distribution of adrenaline by intravenous 
injections. These, whether of depression or augmentation, had come and 
gone before the depression due to complete ischemia would have become 
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apparent. In their time relations they resembled rather the effect of 
adrenaline on the drug contractures; but, whereas intravenous adrena- 
line regularly and completely extinguished these latter, its effect on 
the contractures produced by nerve stimulation might be depression, 

augmentation, or both in succession. ! 


(6) Drug contractures. 

(i) Artificially perfused muscle. The contrast between the effects of 
adrenaline on nervous contractures and drug contractures respectively, 
though not so complete as a few experiments on the tongue alone would 
have suggested, was still substantial. In the hope of finding a clue to its 
meaning we made further experiments on the acetylcholine contracture 
under conditions of controlled circulation. For these experiments we 
used the denervated gastrocnemius of the dog, the leg being perfused 


_ with defibrinated dog’s blood by the Dale-Schuster [1928] pump. 


Gaddum’s [1929] flow recorder was used for continuous record of the 
venous outflow. Our aim was, by rapid adjustment of the throw of the 
perfusion pump, to compensate for the vaso-constrictor effect of adrena- 
line and thus prevent any reduction of the circulation rate. Small doses 
of adrenaline were used, injected into the arterial cannula, so that the 
effect was rapidly produced as the adrenaline passed through the vessels 
of the leg, and rapidly disappeared, as what remained of the small dose 
passed on to mingle with the general volume of blood in the apparatus. 
We were thus able to follow several times the phases of its effect on 
a following series of injections of acetylcholine, without producing any 
significant concentration of adrenaline in the blood as a whole. 

- Under such conditions the depressant effect of adrenaline on the 
action of acetylcholine is so brief as to be easily missed. If the acetyl- 
choline injection follows that of adrenaline within 15 seconds, however, 
its action on the denervated muscle is completely suppressed; if an 
interval of 30 seconds has elapsed between the injections the contracture 
appears again; and at a minute or more from the time of the adrenaline 
injection, acetylcholine not only produces a contracture, but a definitely 
stronger and more persistent one than that evoked by the same dose 
before adrenaline was given. Fig. 9 shows these successive effects. We 
have, in fact, a sequence of effects which clearly recalls that produced 
on the Sherrington phenomenon by a larger dose of adrenaline in the 
general circulation—an initial depression followed by an accentuation 
and prolongation of the contracture, and then a gradual return to the 
normal response. 
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The possibility that the suppression of the drug contractures by 
adrenaline might be due to its vaso-constrictor effect, preventing passage 


_ Fig. 9. Tension record of perfused denervated gastrocnemius (dog). Lower record—venous 


outflow. At A.C. and Ad., i.a. injections of 10y acetylcholine, and ly adrenaline. 


of the drug “through the capillaries supplying the sensitive muscle, was 


discussed by earlier workers. Dale and Gasser produced evidence to | 


show that the action was, at any rate, not wholly of this kind. The result — 


above described, which could be regularly repeated, seemed to exclude 


it altogether. When the pump was adjusted to produce such a rise of | 


arterial pressure that adrenaline did not even reduce the rate of blood — 


flow, the acetylcholine contracture was still completely annulled. It was — 


not possible to explain the undiminished blood flow by supposing that | 


restriction of flow persisted in the muscles and was compensated by . 
accelerated flow through the skin vessels. All the evidence points, on — 
the contrary, to vaso-constriction by adrenaline involving the skin © 
vessels more than those of the muscles. If adrenaline prevents the con- 
tracture by hindering access of acetylcholine to the sensitive muscle 
fibres, it must, therefore, do so by some action other than vaso-con- 
striction. As to the relation of the subsequent accentuation of the drug 
contracture to the vascular conditions, the observed facts afforded no 


evidence. Clearly it was important to know whether, if the stimulating 


drug could be applied directly to sensitized mammalian muscle fibres, 
previous application of adrenaiine would modify the resulting contracture, 
and if so in which direction. 

PH. LXX. 9 
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126  H.H. DALE AND J. H.GADDUM. 
(ii) Isolated muscle. For this purpose we used isolated strips from 


_ the diaphragm, denervated by section of one phrenic nerve under ether 


a fortnight previously. Our best preparations were obtained from young 
cats. The strip was cut parallel to the direction of the muscle fibres and, 
when suspended in warm and vigorously oxygenated Locke-Ringer 
solution, remained alive and fully active for many hours. The saline 
bath contained about 15 c.c. of solution, so that the addition of 2y of 
acetylcholine produced a concentration of 1 in 7-5 millions. The reaction 


(Fig. 11) recorded here on a very slowly moving surface, issoslowasto 


resemble that of a strip of involuntary muscle. The maximum of shorten- 
ing is not maintained, the curve beginning at once to fall towards a much 
lower level, from which, again, relaxation is accelerated by washing away 
the drug with fresh Ringer’s solution. Other drugs of the class, such as 
tetramethylammonium salts (T.M.), produce slower and less rapidly evan- 
escent, but otherwise similar contractures, but are active only in concen- 
trations many times as great (Fig. 10). A control strip of muscle from the 


Fig. 10. Fig. 11. 


Fig. 10. Isolated slip of denervated diaphragm (cat). Isotonic record. Three applications 
of 0:25 mg. T.M. (1 in 60,000). At 3.28, 0-2 mg. adrenaline added to bath. Washed 
out at 3.38. 


Fig. 11. Same as Fig, 10, later in experiment. Three applications of acetylcholine (1 in 

75 nsiiions). At 6.0, 0-2 mg. adrenaline added to bath. cone ha at 6.7. . 
normal, innervated half of such a diaphragm is quite indifferent to acetyl- 
choline, in a dose many times that producing maximal contractures of the 
denervated strip. On such a preparation we could test the direct effect 
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of adrenaline on the drug contractures, A series of applications of the 


stimulant drug in a constant submaximal dose, given at intervals of 
about 10 minutes, produced a series of approximately equal contractures, 
0-2 mg. of adrenaline added to the bath had no direct effect on the 
muscle, which remained fully relaxed. When, however, the dose of the 
stimulant drug used in the previous series was then added, a greatly 
enhanced contracture resulted, the degree of shortening and the per- 
sistence of the effect: being both increased. The bath being then emptied, 
the preparation was washed by several changes and left in clean Ringer’s 
solution. After the usual interval from the previous application, the 
same dose of the stimulant was again applied, and the resulting con- 
tracture showed a further enhancement. Only after several such 
applications and washings did the response return to the original dimen- 
sions. A further dose of adrenaline produced again an increased response, 
but the effect was less pronounced than at the first trial. Figs. 10 and 11 
illustrate this effect of adrenaline on the responses to 250y of tetra- 
methylammonium iodide (T.M.) and 2y of acetylcholine (A.C.) respectively. 
The increase of the contracture is more pronounced in the former case; 
but this is attributable to the fact that it was produced by a first appli- 
cation of adrenaline to the preparation, that with acetylcholine being 
obtained with a subsequent re-application. In both cases the further 
increase of the response, after the adrenaline has been washed away, can 
be clearly seen. We have made this experiment with preparations from 
several denervated diaphragms. In some cases the effect of adrenaline 


_ has been greater than in others; in some cases the increase of the per- 


sistence of the contracture has been more pronounced than increase of 
its amplitude; but the effect has in every instance been in the same 
direction. 

It should be recalled in this connection that Riesser and Neu- 
schloss [1921], Hess and Neergaard [1924], and Gasser and Dale 
[1926], all tried the effect of adrenaline, applied directly to isolated frog’s 
muscles, on the contractures produced by acetylcholine similarly applied, 
and failed to detect any antagonism. 


(c) Discussion. 
With this direct action of the stimulant drugs to the decitentad 


muscle we find no trace of the powerful antagonism, which adrenaline 


exhibits when they are administered by the circulation. This antagonism, 

accordingly, cannot be due to an action of adrenaline on the sensitiveness 

of the muscle itself to acetylcholine and its allies, but must be attributed 
9—2 
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to its impeding at some point their passage from the circulating blood 
to the sensitive muscle fibres. We have already excluded vaso-con- 
striction as an important factor of this hindrance, and the most likely 
alternative seems to be a reduced permeability of the capillary walls. 
Such a conception would account for the fact that circulating adrenaline 
does not at all weaken the action of acetylcholine on the blood vessels 
themselves; by producing a high arterial tone and thus giving scope for 
its relaxation, it may appear, indeed, to intensify the vaso-dilator action ; 


_at the same time it annuls thé action of the drug on the denervated 
- voluntary muscle fibres, to reach which it must pass through the capillary 


walls. 

We have seen that the action of adrenaline on the contractures pro- 
duced by nerve stimulation involves two opposite effects. In the case 
of the Vulpian phenomenon enhancement is the usual, depression the 
exceptional effect; with the Sherrington phenomenon depression and 
enhancement usually appear as successive phases in the action of one 
injection of adrenaline. Considering first the adjuvant action only, we 
find that this resembles the effect of adrenaline on the sensitiveness of the 
isolated muscle to acetylcholine and its allies, not only in its general 
direction, but even in detail. The increase of the contracture both in 
amplitude and persistence, its further enhancement as adrenaline is in 
process of removal from the muscle, and the weaker effect of later doses 
than of a first application of adrenaline—all these are easily traced in the 
effects of adrenaline on the drug contractures of the isolated muscle, 
and on the nervous contractures of the muscle with natural circulation. 
It would not be impossible to explain this parallel even on a non-humoral — 
conception of the transmission to the muscle of the effect of the nervous 


impulses; we could suppose that adrenaline simply increases the sensitive- 


ness of the muscle to any stimulus, whether chemical or nervoys, which 
excites the contractures. In the effects of adrenaline on the’ nervous 
contractures we also find, however, the other depressant action, re- 
sembling that which it produces on the contractures elicited by injection 
of drugs. In the latter case we have found reason for attributing it to a 
hindrance of the access of the drugs to the muscle, and it seems quite 
impossible to explain its appearance in connection with the nervous 
contractures on any but a chemical theory of their production. If we 
adopt the conception, already suggested by other evidence, of the nervous 
contractures as due to the liberation outside the muscle fibres of a 
substance like acetylcholine, the curious complex of agreements and 
contrasts at once becomes intelligible. Such a substance, liberated at the 
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endings of the vaso-dilator nerve fibres on intramuscular arterioles, might 


) reach the denervated voluntary muscle fibres by escaping directly into 
the intervening lymph, or by leaking info the blood and then secondarily 


diffusing through the capillary walls. the former case adrenaline 

would increase the resulting contracture, in the latter case it would 
suppress it. If the stimulant substance normally reached the muscle . 
in both ways, adrenaline might either diminish or increase the con- 
tracture, or produce both effects in succession. Such a conception pro- 
vides a reasonable interpretation for an otherwise bewildering variety of 
effects; but it applies equally well to any substance sharing the dual 
action of acetylcholine, causing dilatation of normal arterioles and con- 
tracture of denervated voluntary muscle. We must look in another 


direction for evidence concerning the chemical nature of the substance 


actually concerned. 


(3) Action of other vasomotor agents. 
(a) Sympathetic nerve stimulation. | 


Ginezinski and Orbeli [1928] cut the hypoglossal nerve in the bony 
canal of its exit from the skull, before the addition to it of the sympathetic 
fibres from the superior cervical ganglion. After the usual interval for 
degeneration it was found that stimulation of the cervical sympathetic 
had a reinforcing effect on the contracture produced by chorda-lingual 
stimulation. The effect of sympathetic stimulation on the Vulpian 
phenomenon appears, therefore, to correspond to the usual effect of 
adrenaline on that response. We have ourselves, as yet, only tested the 
effect on the contracture of the cat’s gastrocnemius evoked by arterial 
injection of acetylcholine. The gastrocnemius was denervated by aseptic 
section of the motor nerve roots under ether, and after 12 to 14 days the 
cat was again anesthetized and made into a spinal preparation. The 
usual arrangements were made for recording the contracture of the 
gastrocnemius, and the sympathetic chain of the denervated side was 
isolated in the abdomen from the fourth to the sixth lumbar ganglia, — 
cut anteriorly and laid on electrodes, for stimulation. Control injections 
of acetylcholine were given so as to enter the iliac artery to the dener- — 
vated leg, and the resulting contractures recorded. The sympathetic nerve 
was then stimulated faradically, and a minute after the beginning of the 
stimulation the injection of acetylcholine was repeated. The contracture 
was completely suppressed. Four minutes after the end of the period of 
sympathetic stimulation, a further injeotion of acetylcholine produced 
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again a normal contracture. Fig. 12 illustrates such a sequence, which 


was repeated at several trials in three different experiments. In one case 


Fig. 12. Gastrocnemius (cat) denervated by root section. At A.C. three successive arterial 
injections of ly Abolition of contracture stimulating 
supply to leg. | 


the*second injection’ was not dvting sympathetic 
stimulation, but 20 seconds after its termination. A very small con- 
tracture was produced, and it was evident that the antagonistic effect 
of the stimulation long outlasted the actual passage of nerve impulses. 

So far as evidence is available, therefore, it would appear that the 
effects of sympathetic stimulation on the nervous and drug contractures 
closely resemble those of adrenaline in either direction. It would be of 
special interest to know whether sympathetic stimulation would show 
also a depression of the eal —— but we have not 
yet made the experiment. 


(b) The pituitary pressor 

Gasser and Dale [1926] tried the effect of strongly vasb-eonstrictor 
doses of barium chloride on the contracture produced by acetylcholine 
in the cat’s denervated gastrocnemius, with natural circulation. They 
observed no significant change in the response, and used the fact as an 
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argument against the attribution of the adrenaline antagonism to its 
vaso-constrictor action. We have here given additional evidence in 
support of that conclusion, and have suggested a reduction of capillary 
permeability as a more likely explanation of the effect. It seemed desirable, 
accordingly, to examine the action in this direction of the pituitary 
vaso-constrictor principle (vaso-pressin) to which Krogh [1922] has 
attributed an important action in reducing the permeability of capillaries 
in the frog. We found that it had, indeed, a depressant action on the 
contracture response to arterial injections of acetylcholine, similar to 
that produced by adrenaline. It was slower in onset and in disappearance 
than the adrenaline effect, and did not so regularly cause a complete 
suppression of the acetylcholine contracture at any stage of its action. 
In some instances, however, its antagonistic action was, at its maximum, — 
apparently as effective as that of adrenaline. Fig. 13 illustrates such an 


Fig. 13. Denervated gastrocnemius. Arterial injections of 10y acetylcholine. A, normal 
effect. B, C, D and E, effects 2}, 5, 10 and 13} minutes after | unit of vaso-pressini.v. — 


effect on the acetylcholine contracture of a cat’s denervated gastroc- 
nemius. Of the nervous contractures we only, tested the effect of vaso- 
pressin on the Vulpian phenomenon, which was not clearly weakened 
or accentuated by this hormone. In conformity with this observation 
was one made on its application to the isolated strip of denervated 
diaphragm, in which it caused no definite change of response to acetyl- 
choline. Its one clear effect, therefore, was on the contractures produced 
by acetylcholine injected into the blood stream. These it reduced or 
suppressed; so that its action was in accordance with the other evidence 
as to its effect on capillary permeability, and with our own — 
of similar action of adrenaline. 3 
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(c) Histamine. 

. If we were right in attributing the depressant actions of adrenaline 
and vaso-pressin, on the drug contractures in vivo, to lowered permea- 
bility of the capillary walls, it seemed probable that histamine, which 
increases the permeability, and has been regarded as an antagonist of 
adrenaline in that respect, would act in the opposite direction on the 
production of the contracture. To test this possibility we recorded the 
contractures in response to equal, small, arterial injections of acetyl- 
choline, in the denervated gastrocnemius of a spinal cat. A slow, steady 
intravenous infusion of adrenaline was given, at a rate sufficient to 
reduce the acetylcholine contractures to small dimensions, and 0-5 mg. 
of histamine was then injected intravenously, the adrenaline infusion 
being steadily maintained. One minute’ later, when the action of the 
histamine, as judged by the fall of arterial pressure, had about reached its 
maximum, acetylcholine produced a contracture as strong as those before 
adrenaline, and more prolonged. Five minutes later the acetylcholine 
contractures were again subject to the reduction due to adrenaline alone. 

In another experiment, also on the denervated gastrocnemius of a 
spinal cat, 0-5 mg. of histamine and 0-2 mg. of adrenaline, injected 
_ together into a vein, caused only a reduction of an acetylcholine con- 
tracture, which was completely suppressed by 0-2 mg. of adrenaline 
alone. 

These results support our view concerning the nature of the adrenaline 
action. Mention should be made, however, of one experiment in which, 
without adrenaline, we tried the effect, on the contracture produced by 
a given dose of acetylcholine, of injecting 0-2 mg. of histamine in advance 
of it into the same artery. The result was a definite reduction of the 
contracture. Such a dose of histamine, so injected, would certainly 
produce constriction of the arterioles. It can be shown, indeed, in an 
experiment with artificial perfusion, that mere reduction of the rate of 
blood flow through a muscle will reduce the effect of a small dose of 
acetylcholine. It is quite clear, however, that this plays an insignificant 
part in the antagonism of adrenaline to’ the contractures. : 


(4) Action of eserine. 


By further study of the influence of eserine on the production of 
contractures in denervated muscles, we hoped to obtain some indication 
of the chemical nature of the substance peripherally liberated, and re- 
sponsible for the nervous contractures. There was already a large body 
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of evidence showing that the effects of small doses of eserine, in contrast 
to those of pilocarpine, on the activity of organs receiving autonomic 
innervation, are due to its increasing the effectiveness of parasympathetic 
nerve impulses [cf. Anderson, 1905; Winterberg, 1907; Prevost and 
Saloz, 1909; Loewi and Mansfeld, 1910; Dixon and Ransom, 1912; 
Heinekamp, 1925; Gibbs, 1926]. On the effects of true sympathetic 
nerves it has no such effect [Heinekamp, 1925; Granberg, 1925]. 
Loewi[{1912] had shown, moreover, that the effects on the rabbit’s 
blood-pressure of pilocarpine and muscarine, though they so closely 
follow the actions of parasympathetic nerves, are not increased by 
eserine. Reid Hunt[1918], on the other hand, had shown that both 
vascular effects of acetylcholine—the “muscarine-like” action normally 
produced by small doses, and the “nicotine-like” action of larger doses 
given after atropine (Dale, 1914]—were intensified by eserine. He had 
earlier [1915] found that the parasympathetic effects of homologues of 
acetylcholine were similarly increased by eserine. 

Other evidence has definitely related the enhancement by eserine 
of the effects of acetylcholine to the esteric structure of the latter. 


Fihner [1918] found that soaking the plain muscle of a leech in a very 


weak solution of eserine (1 in 1 million) did not alter the stimulant action 
on it of pilocarpine or of choline, but increased that of acetylcholine a 
millionfold. He suggested that the effect of eserine was to inhibit hydro- 
lysis of acetylcholine by the tissue. Loewi and Navratil [1926], 
finding that eserine prolonged the inhibitory effect of vagus stimulation 
on the frog’s heart, and likewise that of the inhibitory substance (“vagus 
substance”) liberated by vagus stimulation and that of acetylcholine, but 
not that of muscarine or choline, investigated the action of eserine on the 
ferment in the frog’s heart muscle which hydrolyses both the vagus 
substance and acetylcholine, and thereby destroys their activity. In 
both cases eserine inhibited this destruction. Later Engelhart and 
Loewi [1930] have found that eserine similarly inhibits, in very high 
dilutions, the rapid destruction of acetylcholine by normal blood in- 
vestigated by Galehr and Plattner [1927]. Dr K. Matthes, who has 
been independently investigating in this laboratory the inhibition by 


- eserine of the destruction of acetylcholine in the blood, has obtained re- 


sults similar to those of Engelhart and Loewi and has extended 
the enquiry in several directions. Among his observations, which are in 
course of publication, are some on the synthetic compound “ miotine” 
prepared by Dr Stedman of Edinburgh, and representing a part of 
the eserine molecule. Miotine had been shown to resemble eserine closely 
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in physiological action, and Matthes has found that it equally inhibits 
the destruction of acetylcholine by the blood esterase. 

These various items of evidence, connecting the physiological effects 
of eserine with inhibition of an esterase action, gave great additional 
significance to its effects on the excitation, by different methods, of 
contractures of denervated muscles. It was already known [Nitschke, 
1923; Dale and Gasser, 1926] that a small dose of eserine greatly 
lowered the threshold dose of acetylcholine for the production of a 
contracture of the denervated cat’s gastrocnemius. Eserine, however, 
apart from recent evidence concerning the mechanism of its action, has 
long been reputed to have a general effect in increasing the excitability, 
even of normal muscle, to any kind of stimulus. It was important, there- 
fore, to be sure that, in the range of dosage with which we were con- 
cerned, we were not dealing merely with such an unspecific effect. We 
needed, as a control, a non-esteric substance having, on denervated 
muscle, a stimulant action of the same type as that produced by acety]l- 
choline. We chose tetramethylammonium iodide (T.M.), as being a 
substance closely allied in its chemical nature to choline, relatively 
powerful as an excitant of contractures in the denervated muscle, and 
producing a practically equal series of these when given in a series of 
suitable, equal doses. We have tested the effects of T.M. in comparison 
with those of acetylcholine, before and after the administration of a 
small dose of eserine, on the denervated dog’s tongue and cat’s gastroc- 
nemius, with natural circulation and arterial injections, and on the 
isolated:slip of denervated cat’s diaphragm. The results were all in the 


Contractures in response to arterial injections of T.M. 
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N TA 
same Pr on the cat’s gastrocnemius and the isolated 


diaphragm are shown in Figs. 14 and 15. In every case the effect of a 


submaximal dose of acetylcholine was 
greatly increaseil after eserine, while 
that of a submaximal dose of T.M. 
was not perceptibly altered. The fact, 
evident in Fig. 14, that the increase of 
sensitiveness to acetylcholine, caused 
by eserine, took some time for its full 
development, had an interesting paral- 
lel in the similarly slow development 
of the inhibitory action of eserine on 
the hydrolysis of acetylcholine in blood. 
It seemed reasonable, accordingly, to 

conclude that the action of eserine, in 
increasing the contracture effects of 
acetylcholine while leaving unchanged 
those of the non-esteric T.M., was due 
to its antagonism to the action of a 
ferment which hydrolyses choline esters. 


(cat). Applications of 

(0-2 mg.) and A.C, (2y) before 

pe after eserine, 0-015 mg. eserine 

(1 in 1 million) added to bath at 
1,17, washed out at 1.264. | 


In the light of this conclusion, the effects of similar doses of eserine 
on the contractures produced by nerve stimulation acquired a special 


Fig. 16. Denervated tongue. Effects of stimulating chorda-lingual for 10 seconds (coil at 
10 cm.) compared with those of arterial injections of T.M. (03 mg.) before and after 


eserine. Q-1 mg. eserine i.v. at 1.41. 


significance. Fig. 16 shee that eins caused a great increase of the 
contracture of the denervated tongue in response to chorda-lingual 
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stimulation, while it again failed to produce any significant change in 
the response to a submaximal injection of T.M., used as a control. 
Fig. 17 shows the similar effect of “miotine” on the Sherrington 


Fig. 17. Gastrocnemius (cat) denervated by root section. Responses to stimulation of 


sciatic for 10 seconds (coil at 5 om.). At 3.30, 0-1 mg. and at 3.43}, 0-2 mg. of “mio- 
tine” i.v. 


phenomenon. As the result of several earlier periods of stimulation of 
the sciatic nerve the mechanism had become so far exhausted that further 
stimulation caused a contracture of only minimal tension; after 0-1 mg. 
of miotine, the contracture acquired, with successive periods of stimu- 
lation, a strength greater than that which it had shown originally in the 
unfatigued preparation, and another injection of 0-2 mg. of miotine 
caused a further increase. 

We have discussed above the evidence, especially from the effects of 
adrenaline, which seems to us decisive for the production of the nervous 
contractures by peripheral liberation of a chemical stimulant. This must 
belong to the group of substances which cause dilatation of normal 
arterioles and contracture of motor-denervated voluntary muscle. The 
effects of eserine further limit our choice, among the known substances 
having this dual action, to a choline ester readily hydrolysed by the 
tissues. Acetylcholine, the only choline ester which has been shown to 


_ exist in the animal body, is pre-eminent in physiological activity in both 


the required directions, and in its liability to the hydrolytic destruction 
which eserine specifically inhibits. | 
| (5) Action of atropine, etc. 


We have, as yet, made only few and scattered experiments with the 
alkaloids of this group, but the results seem worthy of record, as they 
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tend to remove certain recorded anomalies of their action in relation to _ 
the contractures produced by acetylcholine. It is known, for example, 
that atropine has a definite antagonism to the production by acetyl- 
choline of contractures in certain normal muscles of the frog [Riesser 
and Neuschloss, 1921). The proportion of atropine required is higher 
than that which will suppress the parasympathetic effects of acety]- 
choline, but the antagonism is clear. In the mammal, on the other hand, 
no antagonism to the contractures of denervated m@scle, produced by 
injection of even minute doses of acetylcholine, has been observed with 
doses of atropine many times as great as those which abolish its parasym- 
pathetic effects. Frank, Nothmann and Hirsch-Kaufimann [1923] 
state that scopolamine, in a dose of 15 mg., will abolish the contractures. 
We have injected scopolamine in the dose employed by these authors 
without obtaining even a significant reduction of the contractures of 
denervated muscles. 

On this evidence a case could have been made for classing the con- 
tractures excited in certain normal frog’s muscles with the parasym- 
pathetic effects of acetylcholine, and Frank and his colleagues had, 


_ indeed, based on these effects a suggestion that these muscles of the frog 


have probably an additional, parasympathetic nerve supply. The action 
of acetylcholine on denervated mammalian muscle, on the other hand, 
quite clearly belongs to the other, nicotine-like, aspect of its action. 
Since the experiments on denervated mammalian muscle had all been 
made by injecting atropine and acetylcholine into the circulating blood, 
while in those on the frog’s muscle the drugs had been directly applied | 
to the isolated tissue, it seemed worth while to test their effects on the 
isolated strip of denervated diaphragm. In our few experiments on this 
point we have used rather high concentrations of atropine, but their 
complete suppression of the response to a previously effective dose of 
acetylcholine revealed a real antagonism, of which experiments made by 
intravascular injection had given no hint. Fig. 18 shows the suppression 


_ by 5 mg. of atropine, added to the bath containing 15 c.c., of the effect 


of 5y of acetylcholine, and the restoration of the response with subse- 
quent washing of the preparation. Atropine in this dosage (1 in 3000) 
similarly annulled the action of previously effective doses of T.M. In 
the lower dose of 0-1 mg. (I in 150,000) atropine still caused a pronounced 
reduction of the effect of 2y of acetylcholine (Fig. 19); and in this case 
we are dealing with an atropine concentration of the same order as that 
which appears to be quite ineffective, when both drugs are given by 
intravascular injection in the living animal. 
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We have not attempted to determine the lowest effective dose of 
atropine with direct application, in relation to a particular _ of 


Fig. 18. Isolated strip of denervated diaphragm (cat). Four successive applications of 5y _ 


acetylcholine. 6 minutes before A,, 5 mg. atropine sulph. added to bath (i.e. 1 in 
3000). ©, Ringer’s solution. 
acetylcholine. The results obtained, however, are sufficient to ie that 
the reaction of denervated mammalian muscle presents no sharp con- 
trast to normal frog’s muscle, with regard to this particular antagonism. 


Fig. 19. Similar to Fig. 18. Three successive applications of 2y acetylcholine. 
At 6.38, 0-1 mg. atropine sulph. added to bath (i.e. 1 in 150,000). 


Atropine is a less potent antagonist of acetylcholine in the former case, . 


but the difference is only quantitative. There is no more reason for 


assuming a direct parasympathetic innervation of the voluntary muscle 
fibres in the one case than in the other. 


| IV. GENERAL DISCUSSION. 
In the sections dealing with the different groups of our experiments 
we have already considered the significance of the individual results in 
some detail. Here we need only review their general effect and consider 
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certain points which do not arise so directly from them. Our aim was to 
test the hypothesis attributing the normal vaso-dilator effects of im- 
pulses in parasympathetic and dorsal-root nerve fibres to peripheral 
liberation of acetylcholine, and the contractures of motor-denervated 
muscles, excited by stimulating such nerves, to the leakage of this 
substance on to the muscle fibres rendered sensitive to it. We met at the 
outset certain effects of adrenaline which seemed to be incompatible 
with such a conception. A closer investigation resolved the apparent 
discrepancy, and replaced it with new points of concordance between 
the nervous and chemical contractures. The effects of eserine limited 
the choice, among known substances producing both vaso-dilatation and 
contractures of denervated muscle, to the choline esters. We have still 
to consider one outstanding difficulty, which has been urged against 
the identification of this substance as acetylcholine, namely, the fact 


. that the vaso-dilator effects of acetylcholine are readily and completely 


suppressed by doses of atropine which leave those of the nerves practically 
intact. We must consider the full consequences of attributing a decisive 
significance to this particular contrast in the action of atropine. 

We may note, in the first place, that atropine paralyses the vaso- 


dilator actions, not only of acetylcholine, but of all the known choline 


esters; the liability to this antagonism is, indeed, characteristic of the 


action of choline itself. Those who adopt the humoral theory of trans- 


mission, therefore, and accept the evidence of the atropine action as 
deciding the nature of the transmitter, must regard choline esters as 
excluded wherever atropine ‘fails. That is to say, they must reject the 
evidence afforded by the action of eserine, in favour of that afforded by 
atropine. A new set of difficulties then presents itself. The one case of a 
parasympathetic effect, in which the process of humoral transmission 
has been made accessible to direct investigation, is that of inhibition of 
the frog’s heart by the vagus. Loewi and his co-workers demonstrated 
the liberation of the substance and showed that it had all the properties 
of an unstable ester of choline. They further showed [Loewi and 
Navratil, 1924] that atropine paralysed the vagus effect, not by pre- 
venting the liberation of the substance, but by preventing its action 
when liberated. Brinkman and Van Dam[1922] showed that the 
substance liberated by the heart vagus, not only inhibited the activity 
of the heart muscle, but stimulated that of the stomach. So far the story 
is clear. The transmitter is, in this case, a choline ester, having all the 
properties of acetylcholine; atropine paralyses its action, and accordingly 
that of the nerve impulses which liberate it: When, therefore, we find 
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that atropine paralyses only partially, or not at all, the effects of the 
vagus on the different parts of the gastro-intestinal canal, we have, if we 
accept the action of atropine as decisive in this matter, only two choices. 
We may suppose that vagus effects not paralysed by atropine are not 
humorally transmitted at all, or that the transmitter is not a choline 
ester; but in the latter case, we shall have to postulate not one, but 
several other transmitters of vagus effects, with different degrees of 
liability to the antagonism of atropine. 

The actions of the chorda tympani have a special interest for our 
purpose. Atropine discriminates sharply between its stimulating effect 
on the secretory cells of a salivary gland, and its dilator effect on the 
arterioles, readily and completely paralysing the former, but hardly 
affecting the latter. We must either suppose then, that the effects 
on the gland cells is humorally transmitted while the vaso-dilator action - 
is not, or that the transmitters are different substances in the two cases. 
In the case of the actions of the chorda on the denervated tongue the 
difficulties become even more obvious. If we reject humoral trans- 
mission of the vaso-dilator effect, because this is resistant to atropine, 
we must reject all the evidence, including that here produced, which 
indicates humoral excitation of the contracture of the denervated muscle. 
If, with Gasser, we accept humoral transmission of both effects, but 
exclude a choline ester as the agent, we reject the evidence of eserine, 
in order to accept that of atropine. 

The assumption that the effect of atropine is thus decisive evidently 
does not remove all difficulties; it rather creates new ones. We are the 
more disposed to doubt its validity, by our own evidence as to the 
dependence of certain drug antagonisms, including one involving atropine 
itself, on the method of application. We know very little as to the nature 
of nerve endings in the plain muscle of different organs, or as to their 
relation to the surface membranes of the fibres; so that, even on a 
chemical theory attributing the action to liberation of a choline ester 
at the nerve terminations, we should have no right to regard its method 
of access ‘to the receptive mechanism in the muscle fibre as everywhere 
identical with that of a choline ester injected into the blood stream. 
In the case of one parasympathetic action, indeed, that on the frog’s 
heart, we have good reason for assuming such identity; and in that case 
atropine paralyses nervous and chemical inhibitions alike. Where, in 
other cases, it still suppresses the effects of choline esters artificially 
applied, but fails to paralyse the similar nervous effects, it is still possible 
that the latter might be due to the liberation of a choline ester, but in a 
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relation of so much greater intimacy with the receptive mechanism that 
* atropine cannot prevent its access thereto. We know nothing of the 
mechanism of the atropine paralysis, but for purely diagrammatic pur- 
poses we may regard it as creating a barrier, which a choline ester 
cannot pass. If such an ester is liberated at the parasympathetic nerve 
endings, to act as transmitter of the effects of the nerve impulses, the 
latter will be paralysed completely, or partially, or not at all by atro- 
pine, according as the liberation takes place wholly without, partially 
within, or wholly within the barrier. There is no method yet obvious 
of putting this possibility to the test of experiment; but it includes all 
the facts here under consideration in one relatively simple conception, 
and does not entail the rejection of one line of evidence in favour of 
another, 

In addition to the contractures of motor-denervated muscle evoked 
by parasympathetic or antidromic sensory nerve stimulation, there is 
one case in which stimulation of a true sympathetic nerve apparently 
produces a similar effect. According to Rogowicz [1885], the muscles 
moving the lips in the dog acquire a new power of contracting in response 
to stimulation of the cervical sympathetic nerve, when their normal 
motor supply through the facial nerve is caused to degenerate. We have 
not made experiments on this phenomenon ourselves. It is natural to 
associate it with the fact, observed by Dastre and Morat [1880] and 
often since confirmed, that the vessels of the bucco-facial area in the dog 
usually react to sympathetic stimulation by dilatation, in contrast to 
the constrictor reaction in all other superficial areas. It is certain that 
stimulation of the sympathetic nerve supply does not cause contracture 
in most denervated muscles; in the denervated muscle. of the cat's 
leg we have seen that its effect is to suppress, the response to 
acetylcholine, as adrenaline also does. The Rogowicz effect might, 
conceivably, be due to the presence in the cervical sympathetic of small 
dorsal root fibres of the type causing vaso-dilatation. There is another 
possibility, namely, that certain fibres, in the cervical sympathetic nerve 
of species showing this effect, though belonging anatomically to the true 
sympathetic system, may resemble in their action, and in the liberation 
of a choline ester as the transmitter of this, the fibres of the parasym- 
pathetic system. There are sympathetic fibres elsewhere which show such 
an exceptional pharmacodynamic relationship ; the action of those exciting 
secretion in the sweat glands is as readily paralysed by atropine as that 
of the chorda tympani on the salivary gland, and in general the action 
resembles that of pilocarpine and acetylcholine on sweat secretion rather 
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than that of adrenaline. A further study of the Rogowicz phenomenon 
is clearly desirable. 

It is obvious that the suggestion of a humoral transmission for certain 
effects produced by parasympathetic nerves can logically be applied to 
all their effects, which are chiefly on plain muscle. The variations, here 
_ described, in the delay of onset and rate of development of the con- 
tractures of the denervated tongue, with variations in the rate of 
application of shocks to the chorda-lingual nerve, show a general 
- similarity to those recorded in the response of the plain muscle of an 
organ like the stomach to varied spacing of shocks applied to its motor 
nerve [McSwiney and Robson, 1929]. The denervated voluntary 
muscle, indeed, behaves in response either to the nerve impulses or to 
direct chemical stimulation in many respects like plain muscle; and 
there are features in the response of either to nerve stimulation which 
recall the phenomena of “recruitment” and “after-discharge” described 
by Sherrington in the behaviour of a reflex spinal centre to sensory 
impulses. In all these cases the accumulation of the effects of individual 
impulses suggests the intervention of a chemical agent. Only, however, 
in the cases of the effects of the vagus on the heart, as studied by Loewi 
- and his co-workers, and of the contractures elicited by stimulating 
certain vaso-dilator nerves, does the evidence give a specific indication 
of the chemical nature of the substance concerned. Adoption of a chemical 
theory of the transmission of parasympathetic impulses further involves 
‘recognition of a strong probability that some analogous process intervenes 
in transmitting the very similar effects of impulses in true sympathetic 
nerves to the effector cells. In this case the existence of a true hormone 
adrenaline, so closely duplicating the effects of sympathetic nerves in 
its action, long ago gave rise to the suggestion, originally advanced by 
Elliott [1904], that liberation of this substance occurred at the endings 
of sympathetic nerve fibres. There is, again, in this case evidence of an 
accelerator substance liberated in the frog’s heart by stimulating the 
sympathetic nerve supply [Loe wi, 1921]. The direct evidence of chemical 
transmission is, however, less clear for the sympathetic than for the 
parasympathetic nerves, and the only hint as to the chemical nature of 
the transmitter is provided by the physiological similarity to the action 
of adrenaline. As the transmitter of parasympathetic effects, we consider 
that the evidence now available, including that here presented, makes a 
very strong case for acetylcholine. 

We have, in agreement with Hinsey and Gasser, and with the 
support of our own observations, grouped with the proper parasympa- 
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thetic nerves, as regards the pharmacodynamic transmission of their 
arterio-dilator action and the associated contracture of denervated 
voluntary muscle, the dorsal root fibres responsible for the so-called 
“antidromic” vaso-dilator action. Here again the pharmacodynamic 
classification appears to cut across the anatomical; but if acetylcholine 
transmission is accepted in the one case, we consider that it must apply 
to both. We should make it clear, however, that this conclusion does not 
at all conflict with that of Lewis and Marvin [1928], who deduced from 
their experiments a liberation of H-substance, analogous in action to, 
if not identical with histaffiine, at the sensory endings, in the skin, of the 
dorsal root fibres, when they were antidromically stimulated. We are 
concerned with the other end of the terminal axon branching—with 
the endings on the arteries of the arterio-dilator collateral. Whether 
this is activated by antidromic impulses produced by artificial stimulation 
of the main sensory fibres, or by an axon reflex caused by irritation of 
the sensory endings, we suggest that the resulting arterial dilatation, 
corresponding to Lewis's reflex “flare,”’ is produced, like the parasym- 
pathetic vaso-dilatation, by liberation of acetylcholine in relation to the 
plain muscle of the arterioles. 


V. Summary. 
1. The apparent difference between the actions of adrenaline on 


“drug ures” and “nervous contractures” of denervated muscles 


has been investigated and explained. 

2. Eserine greatly enhances the contractures produced by stimulating 
vaso-dilator nerves and those produced by choline esters, but leaves 
unchanged those produced by analogous non-esteric substances (tetra- 
methyl ammonium salts). 

3. Atropine paralyses the effect of seat yennivine and similar drugs, 
applied directly to denervated mammalian muscle.’ 

4. The evidence removes discrepancies and produces new concord- 
ances, supporting the view thai che vaso-dilator effects of parasym- 
pathetic nerves and of sensory fibres stimulated antidromically, and the 


contractures of denervated muscles accompanying these actions, are due 


to the peripheral liberation of acetylcholine. 
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ON Lt NATURE OF INHIBITION IN THE 
INTESTINE. 


By B. FINKLEMAN. 


(From the Department of Pharmacolgy, University of Manchester.) 


In his recent Croonian Lectures Dale 11929) has indicated that there are 
_ good grounds for the belief that the action of the parasympathetic part 
of the autonomic nervous system is intermediated by the peripheral 
release of acetyl choline. Little evidence has been brought forward 
in favour of the humoral action of the sympathetic half of the autonomic 
nervous system, although in 1904 Elliott had suggested that a mechanism 
is developed from the plain muscle cell in response to its union with 
the synapsing sympathetic nerve fibres, the function of which is to 
- receive and transform each nervous impulse, possibly by the liberation 
of adrenaline. It appeared to the present writer that if it were possible 
to obtain an isolated preparation of smooth muscle with its inhibitory 
nerves, experiments might be performed to test this theory of inhibition. 
McSwiney and Robson [1929] have shown that a mammalian nerve- 
muscle preparation will survive for some time in suitable conditions. 
Because of its power of regular rhythmical contraction, rabbit intestine 
was chosen as a suitable tissue for the investigation of inhibition. The 
splanchnic inhibitory nerves to the muscle run as fine fibres in close 
proximity to the blood vessels supplying the tissue. No attempt was 
made to isolate the nerves; instead, the blood vessels supplying the 
intestine were isolated, and with them the nerves were freed. 
It was found that inhibition of the rhythmical contractions of the 
plain muscle could be produced by stimulating the freed nerves with a 
rapid [20-40 per sec.] series of induction shocks. The experiments here 
described were commenced with the idea that it might be possible to 
demonstrate some essential difference between the inhibition produced 
by adrenaline and that due to nerve stimulation. The result, however, 
has been to bring the writer to the view that the two forms of inhibition 
are intimately related. ey | 
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Preparation. 

‘The abdomen of a freshly killed rabbit is opened, and that part of 
the duodenum is selected which has the most mobile mesenteric attach- 
ment. This is separated from the rest by two transverse cuts about 5 cm. 
apart. The cuts are continued along the mesentery on each side of the 
blood vessels supplying the part, which are freed for 8 or 10 cm. and are 
_ then cut across, Great care is exercised not to stretch or otherwisedamage — 
the mesentery and its contents, The preparation is kept in warm Ringer’s 
solution until required. A similar procedure can be carried out with the 
ileum, so that from one animal two preparations can be obtained, each 


A B 


Fig. 1. A. $ stimuli per second oanse contraction of the muscle. 
B. 40 stimuli per second cause relaxation, 


consisting of a small piece of gut with about 8 cm. of attached aay 
in which run the nerves supplying the plain muscle. 

To prevent contamination of the Ringer’s solution with intestinal 
contents, the two ends of the piece of gut are ligatured. A loop of thread 
is tied to the end which is to be attached to the glass hook at the bottom 
of the bath, while to the other end is tied a length of thread for con- 
nection with the writing lever. For convenience in manipulation a 
length of thread is also fastened to the free end of the mesentery. The 
preparation is now placed in a bath containing Dale’s modification of 
Ringer’s solution which is oxygenated and kept at 36° C. 

When the muscle is executing regular and uniform rhythmical con- 
-tractions, the free end of the mesentery is gently pulled out of the fluid 
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_ also to produce contraction of the gut, from the presence along with 


could be imitated by the addition to the fluid in the bath of adrenaline 
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and laid across the electrodes. To prevent stretching, these are placed 
just above the surface of the fluid and, if care be taken, the beat is in 
no way disturbed by this. When the mesentery and its contained nerves 
are stimulated by means of a series of shocks from an induction coil the 
effect on the gut is most marked. The muscle ceases to contract rhyth- 
mically, and its tonus is reduced. The degree of relaxation varies with 
the initial tonus of the muscle. Where this is high, as is usual in pre- 
parations from duodenum, there is a striking relaxation. Often the 
preparation from the ileum in which tonus is less marked will cease its 
rhythmical contractions, on stimulation, but cannot be further relaxed. 
In some cases the duodenal preparation had initially a low tonus, and 
stimulation caused only inhibition of the rhythmical contractions. As 
time went on the tonus increased, and then stimulation of the splanchnic 
fibres caused also relaxation. | 

It might be expected that stimulation of the mesentery should tend 


the splanchnic sympathetic fibres, of some parasympathetic fibres. Only 
occasionally was it possible, when the preparation was first set up, to 
demonstrate some slight contraction by stimulating the mesentery with 
a series of slow, weak induction shocks (2-4 per sec.). This effect could 
not be long produced, and the explanation seems to be that, as Gaskell 
[1916] has suggested, the parasympathetic nerve supply to the intestine 
is intermediated by peripheral ganglia, which one would expect to be 
rapidly put out of action by the conditions of comparative oxygen lack 
which obtain in the experiment. The splanchnic fibres, which are post- 
ganglionic—the ganglia lying around the aorta—continued to give effects, 
often for 4 hours or more. Though bubbling nitrogen through the Ringer’s 
solution rapidly weakened tle muscular contractions, this did not pre- 
vent the inhibitory action, which could be elicited on stimulation as 
long as the muscle continued to contract. 


Comparison of adrenaline and nervous inhibitions. | 
It was found that the inhibition of rhythmical contractions and the 
relaxation produced by stimulation of the inhibitory nerve preparation 


in a’suitable concentration. This varied with different preparations be- 
tween 5 and 20 x 10-8. When, as was usually the case with the duo- 
denum, the tonus was high, stimulation of the nerves or addition of 
adrenaline produced an equal relaxation as well as a total or almost total 
inhibition of the rhythmical movements; with the preparation of the 
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ileum only inhibition of the pendular movements could be obtained, 
either by stimulation or the addition of adrenaline. 

The effects of electrical stimulation were almost immediate, and 
passed off quite rapidly on cessation of stimulation. The addition of - 
adrenaline to the Ringer’s solution produced its effects more slowly, _ 
and the effects, in the main, eases until the — was replaced by 
fresh Ringer’s solution. 


Desensitization by ephedrine. 

Curtis [1929 a] has shown that ephedrine antagonizes the inhibitory 
action of adrenaline on smooth muscle. Lately [19296] hehasfound 
that ephedrine in concentrations which do not alter the rhythm or akg : 
of the smooth muscle of rabbit gut so affects the muscle that concen- 
trations of adrenaline which previously inhibited the muscle are now 
without action. It was thought that, by the use of this drug, it might 
be possible to differentiate between the action of the nerves and adrena- 
line inhibition. If the nerve acted directly on some receptive mechanism 
in the muscle cell, it might be possible to find a concentration of ephe- 
drine, in which nervous inhibition could still take place while the 
addition of an equivalent concentration of adrenaline was without effect. 

Such a differentiation was never observed in any of the fifty experi- 
ments that were performed to test this point. Ephedrine seemed to 
antagonize equally the inhibition by adrenaline and that by electrical 
stimulation. The method of experiment was as follows. The inhibition 
produced by stimulating the preparation was compared with that pro- 
duced by adding 0-005 to 0-025 mg. of adrenaline to the 100 c.c. of 
Ringer’s solution in the bath, giving a concentration of 5 to 25 x 10-%. 
To the fluid of the bath, in which the preparation was executing regular 
pendular movements, from 5 to 10 mg. of ephedrine hydrochloride were 
added in solution, giving concentrations of 5 to 10 x 10- ephedrine. 
Inhibition was again elicited by stimulating the preparation electrically, 
and by adding the same concentration of adrenaline as before. It was 
found that both were equally antagonized by ephedrine, so that although 
the reduction of tone and inhibition of rhythmical contractions were 
much reduced, the relation between the magnitude of the inhibitions 
_ produced by the two methods remained the same. 

A concentration of adrenaline, giving slightly less inhibition than that 
produced by stimulating the preparation, would -be without effect at a — 
concentration of ephedrine that still permitted some inhibition with 
nerve stimulation and with an equivalent concentration of adrenaline. 
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The inhibition produced by nervous stimulation and that produced by 
an equivalent concentration of adrenaline were antagonized by the same 
concentration of ephedrine, while inhibition could in some measure be 
produced by in¢reasing two—or fourfold—the concentration of adrena- 
ss (See Fig. 2.) 


Fig. 2. A. Nerve stimulation canses s greater degree of relaxation than that produced by 
the addition of 0-005 mg, adrenaline. B. After the addition of 10 mg. ephedrine 
the addition of 0-005 mg. adrenaline produces little relaxation, while nerve stimulation 
still causes some inhibition. In this and in subsequent tracings the time intervals 


represent minutes. 


Other. points of similarity between nervous and adrenaline inhibition 
presented themselves. When the ephedrine was added in smaller 
quantities at a time, it was found that there was a proportionate re- 
duction of the nervous inhibition. This agrees exactly with the findings 
of Curtis [1929 5] as to the —e antagonism between adrenaline 
and ephedrine. ; 

This evidence seems to suggeat that the nerves act through the 
intermediation of the same receptive mechanism as that on which 
adrenaline acts to produce its inhibitory effect on the muscle; this 
receptive point being so influenced by ephedrine as to be unresponsive 
both to nervous and to chemical stimuli. 7 


Adrenaline desensitization. 


Occasionally one finds a preparation of rabbit gut hs on addition 
of adrenaline, gives but a transient instead of the usual prolonged in- 
hibitory response. It readily resumes its normal rhythmical contractions, 
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and returns to its original tone without the Ringer’s solution being 


_ changed. If very small concentrations of adrenaline are added to the 


bath and gradually increased, it is possible so to desensitize the tissue 


that it continues to contract regularly and with its original tone in the 


presence of a concentration of adrenaline which, if added suddenly, 


_ would be sufficient to inhibit it completely. 


In the tracing (Fig. 3) a piece of duodenum is beating _— in a 


Fig. 3. Adrenaline added in small but gradually increasing concentrations, so desensitizes 

the muscle that t beats normally in a concentration of ‘iin 10-* adrenaline; 5 c.c. 
of the fluid added to 100 c.c. of fluid in another bath causes marked inhibition of the 
muscle therein (lower tracing). On washing out, the muscle recovers its normal 
| 


concentration of the order of 10-* adrenaline. 5 c.c. of this fluid, on 
addition to the 100 c.c. of Ringer’s solution in another bath, produced 
a marked inhibition of the gut therein. 

As Wiltshire [1930] has recently shown, the presence in the bath of 
tissues prevents the oxidation of adrenaline, which, in the alkaline warm 
Ringer’s solution, would otherwise rapidly take place. — 
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When a muscle preparation was made from such a piece of intestine, 
normal inhibition of the pendular movements was produced by stimu- 
lating it electrically. On adding adrenaline to the fluid in the bath, at 
first in very small concentrations, and then in gradually increasing 
amounts, the nervous inhibition grew less as the concentration of 
adrenaline was increased, and, finally, almost disappeared. On replacing 
the fluid by fresh Ringer’s solution, stimulation of the preparation again 


produced marked inhibition (Fig. 4). 


~ 


Fig. 4. A. Relaxation caused by nerve stimulation in normal Ringer’s solution. Between 
' A and B 0-017 mg. adrenaline was added. Between B and C 0-025 mg. adrenaline 
was added, and between C and D 0-04 mg. adrenaline was added. With increasing 
concentrations of adrenaline the inhibitory response to nerve stimulation becomes 
Jess, On washing out with normal Ringer’s solution, as in HZ, normal inhibition is 
again observed. | 


The difficulty in the experiment was to find a suitable piece of gut. 


The experiment was then tried of partially desensitizing a preparation 


to adrenaline with ephedrine. Stimulation of the preparation would 
still cause inhibition though less markedly than before. On adding 
adrenaline in small but gradually increasing amounts, the effect of 


_ stimulating the nerves grew less and was finally almost abolished as the 


concentration of adrenaline was increased. On washing out with fresh 
Ringer’s solution nervous inhibition was once more elicited. 

These experiments suggested to the writer that the nerves acted 
by liberating an inhibitory substance peripherally. It was sought to 
obtain some more direct indication by attempting to demonstrate on a — 


second preparation that inhibitory substances are liberated during 


inhibition. 


__. The first method tried was to set up in a bath of Ringer’s solution 


the nerve-muscle preparation described, and an isolated preparation of 
smooth muscle without any mesenteric attachment. It was thought that 
if the inhibitory substance were liberated on stimulating the nerves, 
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enough might diffuse from the nerve endings into the fluid of the bath 
to inhibit the movements or tone of the other piece of muscle. No such 
effect could be demonstrated. An attempt was then made to increase 
the concentration of the inhibitory substance in the bath by using a 
larger nerve muscle preparation. From 20 to 25 cm. of the ileum of a 
rabbit were isolated, maintaining in connection the inhibitory nerve 
supply. This was placed in the bath together with a test piece of plain 
muscle; records of the contractions of the preparation were taken from 
a part of the muscle of the preparation, some 5 cm. in length. Using 
this method, no sign of humoral transference was found. This is not 
surprising, since it is found that the inhibitory action of the nerve can be 
paralleled by a concentration of 2 x 10-7 adrenaline. Only a very small 
amount of inhibitory substance would need to be liberated at the surface 
of the muscle cells to produce locally an equivalent of this concentration 
adrenaline, 

If any of the inhibitory substance diffused out into the bath it would 
be so diluted by the 100 c.c. of fluid present that it would have no effect. 
Hence it appeared that, to have any chance of success, some method 
must be devised whereby the volume of the transferring fluid was kept 
as low as possible. 

The method finally adopted consisted of keeping the muscles in a 
chamber containihg warm moist air with warmed Ringer’s solution 
dripping over the surface of the innervated piece of gut and then on to 
the test piece of gut. Thus the volume of the transferring fluid was 
kept extremely low, less than 1 c.c. passing over the surface of the pieces 
of gut during the period of stimulation. Using this method it was cum 
to demonstrate humoral transference. 


Mrruops AND RESULTS. 


Some difficulty was experienced initially in bowing the air of the 
chamber warm and moist. At first; steam was blown in through a fine 
_ jet, but this method was soon abandoned owing to the difficulty of 

keeping the temperature inside the chamber constant. It was later 
found that the air ‘could be kept sufficiently warm if there were a “So 
of water at the bottom of the chamber, heated to between 50° and 60° C 
The chamber used was a beaker of 800 c.c. capacity containing Sater 
to the depth of half-an-inch, and was heated by a carbon filament lamp 
underneath, in series with a rheostat. This could be adjusted so that the 
temperature of the air in the chamber was 36°C. To’ keep the air in 
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the chamber saturated with water vapour, oxygen was bubbled through 


the water at the bottom. 


. The nerye-muscle preparation was fastened by one end to the special 
glass hook (see Fig. 5) which terminated in a straight portion 1} inches _ 


To reservoir 
preparation 


6 AEE 


Fig. 5, Diagram of the apparatus, Explanation in text. 


long sloping downwards; this was so arranged that Ringer’s solution 
which had trickled over the surface of the muscle would collect at the 
bottom and run down the sloping portion in the form of separate drops. 
The other end of the preparation was connected to a writing lever, and 
the glass hook so adjusted that the muscle occupied the upper half of the 
chamber, An isolated piece of rabbit gut was fixed to an ordinary glass 
hook so that it occupied the lower half of the chamber, the other end 
of the gut was connected by a thread to a second writing lever. Ringer's 
solution from a reservoir, warmed by passing through the U-shaped tube 
shown in Fig, 5, was made to drip slowly over the upper piece of gut. 
The second piece of gut was so arranged that the fluid which had passed 
over the surface of the innervated piece of intestine fell in drops on it from 
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the end of the sloping portion of the glass hook. The nerve of the pre- 
paration was laid across a pair of electrodes, and everything was then 
left undisturbed until both pieces of muscle were contracting regularly. 
When the test piece of plain muscle was executing regular contractions 
and had attained a steady level of tone the nerve of the other preparation 
was stimulated electrically, by means of a rapid series of induction 
shocks. Inhibition of the innervated preparation at once followed and, 
under favourable circumstances, inhibition of the test piece of plain 


muscle followed. This did not occur simultaneously with the commence- 
-ment of inhibition in the uppermost piece of gut, but after a period 


varying from 1 to 2 minutes in different experiments. Dale’s modifi- 
cation of Ringer’s solution was used with the addition of 5 p.c. of serum 
which, as Wiltshire [1930] has shown, delays the oxidation of adrena- 
line. The inhibition of the second piece of gut was best seen when it 


was in a very high state of tonus. The rhythmical pendular movements 


were not greatly reduced but the tone was diminished. If the nerve 
were stimulated again after a few minutes the result on the second piece 
of gut was not so marked although the upper piece of gut was again 
inhibited almost as well as before (see Fig. 6). This may be explained in 


Fig. 6. The lower tracing is from the innervated piece of gut. The upper tracing is from the 
lower test piece of gut, over which drips fluid from the upper piece. On stimulating 
the nerve (shown by arrows) inhibition of the innervated preparation takes place 
almost immediately. After over half a minute, a relaxation of the lower piece of gut 


also takes place. The time intervals represent minutes. 
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two ways: Firstly that the second piece of gut will only detect the low 

concentration of inhibitory substance when its sensitivity is at a maxi- 
mum, and that the sensitivity is reduced after its inhibition. The other 
explanation is that under the conditions of the experiment some time 
is required before a sufficient store of inhibitory substance can again 
become available; in support of this it has been noticed that the second 
inhibition was less marked than the first, and that it tended to pass off 
spontaneously while the nerve was still being stimulated. It was also 


the case that the inhibition obtained on stimulating the preparation 


for the first time after it had been set up was markedly greater than any 
that could subsequently be elicited. Consequently in demonstrating 
the humoral transference of inhibition the integrity of the preparation 
was never tested at the outset of the experiment. Everything was 
arranged and allowed to remain undisturbed until conditions had become 
perfectly steady, and thetest wasthen applied. No serious embarrassment 
was caused. by this for the preparation is extremely reliable. 


Discussion. 
The inhibitory nerve fibre may be conceived of as acting on the 
smooth muscle cell in three different ways. . 
(1) The nerve may act directly on the cell. 
(2) The nerve may terminate in a Teceptor mechanism at the surface 


“of the cell. 


(3) The nerve may terminate in close proximity to the cell and 
produce its effect by liberating some inhibitory substance, which then 


acts on the cell. 


If the nerves acted directly on the cell, or without the intermediation 
of the receptive mechanism on which adrenaline acts, it might have 
been expected that some concentration of ephedrine could be found, 
which would permit of nervous inhibition, while preventing the in- 
hibition. produced by adding adrenaline to the fluid in the bath. Ephe- 
drine did not have this effect but antagonized equally both types of 
inhibition, While this does not rule out the possibility that the inhibitory 
nerve acts directly on the muscle cell, it is, at any rate, an argument 
against this explanation. 

If the nerve terminated at some special receptive mechanism on the 
surface of the cell, adrenaline might be expected to produce its effects 
by acting on this receptor site. This is not incompatible with the results 
of the expériments with ephedrine, which might act by paralysing the 


receptor mechanism. This would prevent both nervous and adrenaline 
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inhibition, and in a parallel degree. It does not, however, seem possible 
to reconcile this explanation with the fact that nervous inhibition is 


antagonized by the gradual addition to the Ringer’s solution of adrena- 


line, for it seems inconceivable that the receptor mechanism should be 
paralysed to nervous impulses by adrenaline in concentrations which, if 
added suddenly, would stimulate it and produce effects similar to those 
produced by the arrival of nerve impulses. er, 

We are, therefore, left with the more probable explanation that the 
nerve ending lies in close proximity to the muscle cell, and that, on the 
arrival of nerve impulses, an inhibitory substance is liberated, which 
diffuses to the muscle cell and there produces inhibition in the same way 
as does adrenaline. Ephedrine would then act on the receptor mechanism 
of the muscle cell, rendering it insensitive to adrenaline and to this in- 
hibitory substance. Sollman [1928] points out that the intensity of the 
action of adrenaline depends on its concentration outside, not inside, the 
muscle cells. If, therefore, the preparation be in equilibrium with a 
fairly high concentration of adrenaline, the addition of further amounts 
of adrenaline will produce no marked effects, since the relative change 
in the concentration will be small. If the inhibitory substance is of 
an adrenaline-like character it might be expected that, when the gut was 
in equilibrium with a fairly high concentration of adrenaline, the rela- 
tive change in the concentration of inhibitory substance produced by 
stimulating the nerves would be too small to give much effect. 

_ ‘This explanation is borne out by the demonstration of humoral 
transference of inhibition described above. 

Under the conditions of the experiment it does not seem likely that 
the result obtained could be a secondary effect of the inhibition, for 
nothing is altered when the nerve is being stimulated. The rate of flow 
of the Ringer’s fluid is constant, and so the fluid does not remain in 
contact for a longer time with the first piece of muscle, an objection that 
has been urged against other methods of demonstrating humoral trans- 
ference, notably that of Brinkman and Van Dam [1922]. It has been 
suggested that the results might be due to some leakage of the stimulating 
current, but this seems impossible since the second piece of gut is not 
even in contact with the end of the glass rod, but is just below it so that 
the fluid falls on to it in drops. Further, an inhibition due to spread of 
current could be repeated again and again. There remain two possibilities; 
that the nerves liberate at their terminations some inhibitory substance, 
or that when plain muscle is in a state of inhibition some substance 
escapes from it which has the power of producing inhibition elsewhere. 
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Under the conditions of the experiment it has not been possible to 
decide as yet which of these two theories is the true explanation. In the 
light, however, of the large body of evidence advanced by Dale [1929] in 
favour of the humoral transference of autonomic activity, and in view 
of the experiments reported here it would seem that the inhibitory nerves 
to the plain muscle of the gut act by liberating peripherally some in- 
hibitory substance. This substance is of an adrenaline-like character in 
that its effects are in all ways similar to those produced by adrenaline, 
and that it is without action on the gut in the presence of ephedrine and 
in the presence of large concentration of adrenaline. _ 


SuMMARY. 


1, An inhibitory nerve-smooth muscle preparation is described, and 
on this, strictly parallel effects are produced by nervous and chemical 
inhibition. 

2. Ephedrine antagonizes both nervous and adrenaline inhibition. 

3. When the preparation is brought into equilibrium with a fairly 
high concentration of adrenaline, neither nervous nor meceooraasecdl in- 
hibition can be elicited. 

4. A method is described for obtaining pendular movements of 
isolated pieces of rabbit gut which are not immersed in Ringer-Locke. 
When the movements of such a piece of gut are inhibited by stimulating 
the nerve, a substance appears in the fluid passing over the surface, which 
has the power of inhibiting a second piece of gut. 

5. Hence it is argued that the inhibitory nerves to plain muscle act 
by liberating peripherally an inhibitory substance. 


The writer wishes to express his thanks to Dr A, D. Macdonald and 
to Dr F, R. Curtis for their very helpful criticism and advice, and also 
to thank Dr Curtis for permission to quote his unpublished observations. 
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THE AUTOMATIC REGULATION OF GASTRIC 
| ACIDITY. 


By FRANK L. APPERLY, M.A., MD. (Oxon.), D.Sc. (Mzzs.), 
JOAN H. NORRIS, M.Sc. 


(From he William MacLeod Laboratory, of Pathology, 
University of Melbourne.) 


Ir is well known that during the course of a satis test-meal, on a 
- normal subject, the curve representing the acidity of the gastric content 
rises during the first hour or hour and a quarter, and thereafter falls. 
For long it was assumed that this fall resulted from the regurgitation 
of alkaline duodenal contents into the stomach si el lt (1)) with 
neutralization of the acid therein, 

In 1926 Apperly@) investigated this fall in acide by placing 
foreign acids in the empty stomachs of normal people, and showed that 
the fall in acid concentration was due mainly to dilution of the acid by 
neutral fluid, and only to a small extent to neutralization. In 1928 
MacLean and Griffiths(), using the same and other methods, con- 
firmed these results, Apperly had, however, assumed that, though 
the acidity fell principally by dilution, the diluting fluid came wholly 
from the duodenum by regurgitation through the pylorus, MacLean 
and Griffiths showed conclusively that this was not so, and that the 
stomach under these conditions can and does secrete a neutral fluid 
containing sodium chloride, which dilutes and gradually replaces the 
gastric acid. They state that “the presence of a certain concentration 
of acid in the stomach inhibits secretion of acid, with the result that a 
neutral fluid containing chloride is secreted, which, by dilution, reduces 
the acidity of the gastric contents (3),” and that “slight regurgitation of 
alkaline fluid into the stomach occasionally takes place, but this. plays 
little or no part in the regulation of gastric acidity (4).”” They believe, in 
fact, that the dilution of acid placed in the stomach takes place peclly 
or almost wholly by this neutral gastric secretion. _ 

In discussing the possible sources of the neutral chloride.that appears 
in the stomach, they point out that “it may come from the mouth 
(saliva), the duodenum, or the stomiach itself.” “The saliva contains very 
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little chloride; its entry into the stomach may be prevented by abstention 
from swallowing. With regard to duodenal chloride, regurgitation would 
certainly cause an influx of chloride into the stomach as the Cl’ concen- 
tration in the duodenal fluids is approximately equal to that of. the 
stomach... but regurgitation is only occasionally responsible. We’ are 
therefore left with the only possibility, namely, that the stomach 
secretes sodium chloride, as we have shown already ().” Their remarks 
about the first and third of these possible sources have been proved 
conclusively, as already stated, but in none of their experiments do they 
show that regurgitation does not occur. It is true they showed, as 
Apperly had earlier shown, that neutralization by duodenal alkali 
accounted for only a small part of the reduction of acid, but reflux of 
neutral or nearly neutral duodenal fluids was not, so far as we could see’ 
from their papers, excluded. 

We believe that the experiments here recorded cannot be satisfactorily 
explained by either Apperly’s original hypothesis or by the later one 
of MacLean and his colleagues, but that both phenomena occur, 
namely, that in the stomach into which acid has been introduced (or 
secreted) the reduction in acidity takes place mostly by dilution, the 
diluting fluid being partly secreted by the gastric mucosa, and partly 
regurgitated from the duodenum, and that, in the majority of cases, 
the reduction in acidity is partly affected by duodenal alkali in addition. — 
(See Table I.) 
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We were first led to suspect that the explanation of MacLean and 
his colleagues was incomplete by an inspection of their charts in their 
third paper). Figs. 3, 7 and 8 in their paper, for instance, show the 
succession of events when acid is placed in the fasting stomach, or the 
' stomach has been stimulated to secrete acid by the administration of 
alcohol. At quarter-hour intervals the concentration of acid, of neutral 
chloride and the dilution of an indifferent substance is estimated and 
curves constructed to show the alterations in these values over a period 
of time (as in our experiments about to be described), They found that 
the dilution and acid curves coincided in their fall, while the neutral 
chloride curve rose. They concluded, as stated above, that the fall in 
acid concentration was due entirely to dilution by a neutral chloride 
solution, but assumed that this solution was derived wholly from the 
gastric wall, and that none entered the stomach by duodenal regur- 
gitation. Before this MacLean, Griffiths and Williams(4) had shown 
that the total chloride concentration in gastric juice is a constant, 
whether made up of varying amounts of hydrochloric acid and neutral 
chloride, or of the latter alone. This total chloride has an average value 
of about 0-11 N. | 

Now in the charts referred to above, the fact that the acid and the 
dilution curves coincided showed that the stomach was not secreting 
acid, but neutral chloride only. If this neutral chloride came wholly from 
the gastric wall it must be of the same concentration throughout. When, 
however, we calculate the chloride concentration of this diluting fluid, 
from the dilution curve and concentration of neutral chlorides in the mixed 
gastric contents, we find that the curve so calculated is not a straight 
level line but a rapidly rising one. This suggested to us that the neutral 
chloride secreted by the gastric wall, known to have a fixed concentration, 
was being mixed in varying proportions with a neutral chloride solution 
derived from another situation, possibly the duodenum. We, therefore, 
decided to repeat these experiments in a large series of individuals, in 
order to investigate the problem still further. 


The experiments were carried out exactly as one of us has described 
elsewhere(2). 250 c.c. of dilute hydrochloric acid mixed with some in- 
different substance which could easily be estimated, were placed in the 
empty stomach. The strength of acid employed varied from 0-080 N to 
0-128 N and the indifferent substance varied also in different cases, the 
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substances being glucose, phenol-sulphone-phthalein dye, urea, or ferric 
chloride. 

Each experiment was carried out on the fasting subject. The Rehfuss 
tube was first swallowed, the fasting contents withdrawn by a syringe 
attached to the tube, the stomach washed out with water till clear, and 


the acid mixture then run in from a large pipette attached tothe Rehfuss 


tube. At this moment the subject was instructed to expectorate all 
saliva into a beaker until the end of the experiment. This saliva con- 
tained no.titratable alkali when phenolphthalein was used as indicator. 
At 15-minute intervals 10 c.c. samples were withdrawn from the stomach, 
after nfixing the contents thoroughly by moving the piston of the syringe 
back and forth seven or eight times. In each sample were estimated 
the concentrations of both acid and glucose (or urea, dye, or iron). The 
acid was estimated by titration with fresh 0-01 N sodium hydroxide, 
using phenolphthalein as indicator. When glucose was used MacLean’s 
method was employed: for urea MacLean’s urease method; for ferric 
chloride the method of San Yin Wong6): and for phenol-sulphone- 
phthalein a Klett colorimeter. In none of the subjects examined did 
the fasting contents contain glucose, urea, or iron. 

In all, 57 people were examined by this method, 22 healthy students, 


_ 24 hospital patients with no gastric symptoms, and 11 dyspeptics. 


In the normal group, the results varied, but the majority were similar 


to that shown in Fig. 1. A study of this shows that the concentration 


of the acid falls more rapidly than does that of the glucose (or urea, etc.). 
This indicates that at, say, 1 hour after the administration of the acid 
mixture the acidity has been reduced from its original strength, mostly 
by dilution (represented by the distance A, B) but partly by destruction 
of acid (represented by the distance B, C). As this destruction could 
occur only by neutralization, and there was no obvious mucus (which 


_ may be alkaline) in the specimens, it would appear that duodenal alkali 


must have been responsible. In other words, duodenal contents had 
regurgitated into the stomach. Now it has been shown by Baird, 


Campbell and Hern(é) and other writers that the duodenal fluids may 


be only slightly alkaline, so that the neutralization of only a small part 
of the gastric acid might indicate the regurgitation of a fair volume of 
duodenal fluids. We therefore believe that a part of the dilution of acid 
in the stomach takes place by duodenal regurgitation as well as by 
gastric secretion of a neutral fluid. 

In a number of other cases the acidity curve coincided with the dilu- 
tion curve (Fig. 2), indicating that the fall of acidity was due entirely to 
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dilution by neutral fluids derived from either stomach or duodenum or 
both. The early presence of bile in many of these cases shows that — 
duodenal fluids were at least partly responsible. 


Group I __Grovp II 


0°60" 


0-40 
Dilution 
how i hours 
ie 
Fig. 1. | Fig. 2. 


Fig. 1. Showing curves representing averages of concentration of acid, and dilution of 
glucose in Group I (alkaline regurgitation group). 


Fig. 2. Showing curves representing averages of acid concentration and dilution of glucose 
in Group II (in which both curves coincide). 


In a third group the dilution curve fell more rapidly than the acidity 
curve. On occasion the latter even rose to 0-103 N, the concentration 
of the original acid introduced into the stomach being 0-085 N. Obviously 
in these cases secretion of gastric acid took place in spite of the presence 
of a foreign acid im the stomach, though Pavlov(7) states that “acid 
prevents the further secretion of gastric juice when it has accumulated 
in any considerable quantity in the cavity of the organ.” Fig. 3 shows the 
average acid and dilution curves from this group. In addition, in almost 
all of these cases, the fasting juice showed a higher acidity and a larger 

- volume than that usually found. It is incidentally interesting that not 
one of the students.in this group was a smoker, though smoking has 
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been blamed for producing increased gastric secretion of acid. The 
estimations in most of this group were made i in —e 


GROUP. 
8 cases 


» 
Dilution 


hours 
| | | 


Yo 1 


Bg. 3. Showing curves representing averages of acid concentration and 
dilution of glucose in Group III (“‘hypersecretion” group). 


Our reason for examining such a large number of individuals was that 


we were aware of the very wide range of variation among normal human 


stomachs, and we wished to avoid the error of generalizing from a small 
series. Our results are set out in Table I. The results i in the dyspeptic 
group were similar to those detailed above. 

An examination of this table shows evidence of duodenal regur- 
gitation in 24 cases in Group I (as indicated by divergence of acid and 
dilution curves), and in three other cases in which the dilution curve 
figures had been accidentally mislaid; in 6 cases of Group II as shown 
by the appearance of bile within one-half hour of the commencement 
of the test, and in none of Group III. This gives a total of 33 cases out of 
46 (72 p.c.) in which duodenal regurgitation occurs within the first half 
hour. We have chosen the first half hour arbitrarily since MacLean 
and Griffiths state that regurgitation occurs, if at all, only at the very 
end of the experiment or test-meal, ¢.¢. about 2 hours after the commence- 
ment of the test. 
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When we come to compare the three sets of average curves in Figs. 1 
to 3, we find that the acid curve in the “hypersecretion” group (Fig. 3) 
is highest, and in the regurgitation group (Fig. 1) it is lowest. This is 
what we might expect, When we compare the average dilution curves, 
however, this order is reversed, 7.e. the acid has been more rapidly 
diluted in Group ITI than in the other groups. Possibly this was due to an 
increased secretion of acid, though there may be other explanations. 


FURTHER OBSERVATIONS. 


In 1923 Apperly(s) showed that those individuals who normally 
had hyperchlorhydria also had high acid curves when 250 c.c. of 0-11 N 
acid was placed in the stomach, 1.e. they were able to reduce their acid 
only slowly. Conversely, those. who normally were hypochlorhydric were 
able to reduce rapidly a foreign acid placed in the stomach. Later, in 
1928, Apperly and Semmens(, 10) showed that the height of the 
acid curve in the fractional test-meal varied, in different individuals, 
with the value of the ratio 

Vital capacity of lungs 
| Body weight 
(i.e. with the oxygenating surface per unit of body weight), and with 
the tonus and activity of the gastric musculature. We therefore arranged 
our students in three equal groups according to their values of the ratio 
vital capacity to weight, and averaged the acidity and dilution curves in 
each of these groups (Figs. 4 and 5). These figures show that those with 
a high ratio of vital capacity to weight (people who also have stomachs 
of good or high tone and activity (9, 10)) also have high acidity and dilu- 
tion curves. The emptying rates of each group were about the same. If, 
as is often stated, the hypertonic stomach secretes more gastric juice, 
we should expect this group to have the lowest dilution and acidity 
curves when a foreign acid is placed in the stomach. But, if these curves 
are governed partly by duodenal regurgitation, we should expect less 
regurgitation to take place into the hypertonic active stomach than into 
the less active stomach, since the retropulsive forces in the duodenum 
are antagonized by the propulsive forces of the stomach. In this latter 
case, a diminished regurgitation would mean higher acidity and dilution 
curves, which is the state of affairs found. These observations therefore 
support the theory that early duodenal regurgitation is at least partly 


responsible for the regulation of gastric acidity. 


t 
oy 
a 
= 
% 
< 
a 
a 


— 


ae 


ee 


REGULATION OF GASTRIC ACIDITY 165 


Discussion. 


We believe that the fractional test-meal is an important means of 
determining what the stomach is doing under the conditions of the test. 


0-40 


0-20 


1-20 


0°80 


0-60 


65-77 
\ 
61-64 | 
55-60 0-20 
hours hours 
Ya 1%) | Vp 1 1% 
Fig. 4. Fig. 5. 


Fig. 4. Showing curves representing the averages of acid concentration in individuals 
grouped according to the value of the ratio of pulmonary vital capacity (in c.c.) to 
body weight (in kg.). (Ordinates represent concentration 0-1 N.) 

Fig. 5. Showing curves representing averages of glucose concentration in individuals 
grouped according to the value of the ratio of‘ pulmonary vital capacity (in c.c.) to 
body weight (in kg.). (The curves have been reduced to the same scale as the acidity 
curves in Fig. 4.) : 


Until lately, however, our interpretation of the acidity and other curves 
has always rested on the assumption that duodenal regurgitation takes 
place, and is partly responsible for the fall of the acid curve. Obviously 
it is important to determine if, in fact, regurgitation does normally 
occur. Bolton(il) has published a mass of evidence supporting the 
theory of duodenal regurgitation, but we will content ourselves here 
by stating that interpretations of the fractional test-meal curves based 
on the assumption that regurgitation normally occurs, fit the clinical 
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facts. If the fallin the acidity curve during the second hour of a fractional 
test-meal is really due in part to regurgitation of duodenal fluids, then 
we should expect any interference with this mechanism to result in 
a steadily rising acid curve instead of that normally found. Such 
_ interference might follow: _ 
(a) Failure of pancreatic secretion due to disease of the pancreas 
or its ducts. Apperly and Cameron(2), in 1923, showed that in pan- 
creatic disease a steadily rising curve characterized the test-meal, while 
a foreign acid in the stomach was reduced very slowly. On this latter 
fact they based their test for pancreatic efficiency, and in practice it has 
proved its value. 

» (6) Failure of the retropulsive forces in the duodenum to overcome 
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Mrs M.S., aet. 40. Hour-glass stomach. 
Fig. 6. Hour-glass stomach. Curves of acidity, chlorides, and dilution in each 
pouch after placing a mixture of hydrochloric acid and dye in each. __ 
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the propulsive forces of the stomach at certain moments during the 
period of the experiment or test. This might be due to marked atonicity 
of the gastro-intestine, to a powerful rapidly emptying stomach, to 
any form of pyloric obstruction, tonic or organic, or to any influence 
which interferes with the ability of the stomach to relax during the 
period of regurgitation, suchas hypertonicity or organic fibroses. 

In all the above types of interference with normal gastric function, 
the acidity curve rises steadily without any fall, as is well known to all 
those familiar with fractional test-meal work. 

Fig. 6 illustrates interestingly the failure of duodenal regurgitation 
in a female patient aged 40, with an “hour-glass” stomach, as shown 
by X-ray examination: She had a syphilitic history and a strongly 
positive Wassermann reaction. A Rehfuss tube was passed into each 
pouch under an X-ray screen, and into each pouch was passed, by the 
method explained above, about 140 c.c. of 0-118 N hydrochloric acid 


_ mixed with some phenol-sulphone-phthalein dye. The graphs show that 


in neither pouch was there any acid secretion, or alkaline or bile re- 
gurgitation. In the first half hour the fall in the lower pouch was more 
rapid than in the upper pouch, suggesting some regurgitation. On the 
whole, however, both curves are nearly the same, the fall in both being 
undoubtedly due almost entirely to gastric secretion of a neutral fluid. 
In a similar experiment recorded by Bolton) in which, however, 
gruel was placed in the stomach instead of acid, alkaline regurgitation 
undoubtedly took place into the lower pouch. 


CoNcLUSIONS. 
1. When acid above a certain concentration enters the normal 


| stomach, whether it is secreted or artificially placed there, in the majority 


of cases the concentration is reduced mainly by dilution, but partly by 
neutralization. The diluting fluid is derived partly from the gastric wall 
and partly from the duodenal fluids. 

2. In a few cases no alkali appears in the duodenal fluids, and in a 
few others gastric acid is secreted even in the presence of a foreign acid. 

3. There was evidence of early duodenal regurgitation in 72 p.c. of 
46 cases examined. 

ACKNOWLEDGMENTS. 


Our thanks are due to Prof. P. MacCallum for his help and sug- 
gestions, and to the Edward Wilson (The Argus) Trust for their kind 
gift of funds to cover the expenses of this work. 


hen 
Py 
4 
SUC 
‘ baad 
tter 
has 4 
3 
4 
+ 


iF 
4 
4 


_F.L. APPERLY AND J. H. NORRIS. 


REFERENCES. 


l. Boldyreff. Quart. J. Exp. Physiol. 8. p. 1. 1915. 


2. Apperly. Brit. J. Exp. Path. 7. p. 111. 1926. 

3. MacLean and Griffiths. This Journ. 66. p. 356. 1928. 

4. MacLean and Griffiths. Ibid. 65. p. 63. 1928. 

MacLean, Griffiths and Williams, Ibid. 65. p. 67. 1928. 

5. San Yin Wong. J. Biol. Chem. 77. p. 409, 1928. 

6. Baird, Campbell and Hern. Guy’s Hosp. Rep. 74. p. 23. 1924. 
7. Pavlov. The Work of the Digestive Glands. apse ergs 8 translation.) 

Griffin: London, 1910. 

8. Apperly. Med. J. Australia, 1. p. 33. 1923. 

9. Apperly and Semmens. Ibid. 2. p. 237. 1928. 
10. Apperly and Semmens. Ibid. 2. p. 193. 1929. 
11. Bolton. Lancet, i. p. 1263. 1928. 
12, Apperly and Cameron. Med. J. Australia, 1. p. 521. 1923. 


168 
a 
2 
* 
g 
‘ag 
j 


612.111 «22 


THE MEASUREMENT OF RED CELL VOLUME. 


II. Alterations in cell volume in solutions of 
various tonicities. 


By ERIC PONDER anp GEORGE SASLOW. 


(From Washington Square College, New York University.) 


INTRODUCTION. 


WE have recently described a method for the determination of the mean 
volume of rabbit*erythrocytes in plasma, with an error not exceeding 
+3 p.c. [1930]. One of the most important uses to which such a 
method can be put is the determination of the mean volume of red cells 
in suspension media of various tonicities, and particularly in plasma to 
which have been added small quantities of supposedly isotonic, hypotonic 
and hypertonic solutions. Such knowledge is indispensable in studies 
of the exchange of materials between the cells and the plasma, in studies 
of various types of hemolysis in which changes in cell volume are con- 
cerned, and in studies of the permeability of red cells for various sub- 
stances. Although the relations between cell volume and tonicity have 
been studied by physiologists at least since the early researches of 
Hamburger [1902], our present information is much less satisfactory 
than is usually believed, for quite a simple reason: such alterations in cell 
volume as result from slight changes in tonicity (changes not much 
greater than what might be termed “physiological” ones) can be 
calculated to be not more than 10-15 p.c., but the method generally used 
for observing them (the hematocrite method) is itself subject to errors 
of about this magnitude, as has already been shown. If further evidence 
of the unsatisfactoriness of our knowledge is required, we may mention 
that it is almost universally stated that an “isotonic” solution of sodium 
chloride for mammalian red cells is one which contains 8-9 g. NaCl per 
litre, whereas most suspension and perfusion fluids (e.g. Brinkman’s 
fluid, Locke’s fluid, etc.) contain salts to give a total tonicity equivalent 
to from 10-12 g. NaCl per litre; some observers, on the other hand (e.g. 
Hampson and Maizels[1926~-7]), consider the cell tonicity to be 
equivalent to that of a solution containing 7-2 g. NaCl per litre. 
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This paper is concerned with a study, by the accurate method at our 
disposal, of alterations in cell volume when small quantities of solutions 
of varying tonicities are added to the plasma surrounding erythrocytes. 


- I, Merson. 
In principle, the method used is that recently described by us in 
this Journal, and it will be sufficient to give an account of the way in 
which one typical experiment is conducted. The changes in volume 
produced by the addition of 1 p.c. NaCl to a mixture of cells and plasma 
are measured, for example, in the following way. . | 
Seven dry centrifuge tubes, each of 15 c.c. capacity, are required. 


To the first six are added 5 c.c. of rabbit’s blood, obtained from the 


carotids, and prevented from clotting by the addition of heparine; all six 
tubes then receive 3 c.c. of a solution of hemoglobin in plasma. This is 
made by mixing 15 ¢.c, of rabbit’s blood, laked by freezing and thawing, 
with 35 ¢.c, of rabbit’s plasma, and thoroughly centrifuging to remove 
stromata. The solution of hemoglobin in plasma is layered on top of the 
previously added blood. To the first two tubes (Nos. 1 and 2) are then 
added 3 ¢.c, of rabbit’s plasma; these tubes thus contain cells, plasma, 
and hemoglobin-plasma only, and serve as diplicates for the estimation 
of the cell volume when the cells are suspended in their own plasma 
without the addition of any foreign substances except the animal’s 
own hemoglobin, To the next four (Nos, 3, 4, 5 and 6) are added 3 c.c. 
of a solution of NaCl of such a concentration that, if the tonicity of the 
plasma is equivalent to 1-2 p.c, NaCl (a figure arbitrarily decided upon, 
and to be corrected later) and if the cell volume is 40 p.c. (a figure also 
to be corrected later), the tonicity of the 9 c.c. of plasma-Na(l mixture 
surrounding the cells is’ equivalent to that of a 1 p.c. NaCl, This NaCl 
solution is layered on top of the hemoglobin-plasma previously added, 
and this, as has been stated already, is layered on top of the blood; no 
mixing takes place, accordingly, until the tube is shaken, and mixing 
is then instantaneous. At various times after mixing (usually 5 minutes, 
1 hour, 2 hours and 3 hours) the cells are centrifuged down from all 
tubes (Nos. 1 to 6 inclusive), and the hemoglobin-coloured supernatant 
fluids are pipetted off. These are again centrifuged; 5 c.c. of each fluid 
are then made up to 100 ¢.c, with 1 p.c. HCl, and the various resulting 
solutions are matched against the standard, which is prepared in the 
following way. To the seventh tube is added 6 c.c. of plasma and 3 c.c. 
_ of the solution of hemoglobin in plasma; 5 c.c. of this mixture, diluted 
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to 100 c.c. with 1 p.c. HCl, constitute the standard, which is set at 20 mm, 


in the colorimeter, and against which the various “unknowns” are 
matched. 

From the reading of the unknown, the volume occupied by the cells 
is easily calculated, and from this figure, together with. one for the red 
cell count per mm.’, the mean volume of a single cell can be found. An 
experiment such as that described above, accordingly, provides two 
values for the mean volume of the single cell in plasma, and four values 
for the mean volume of the single cell in a system whose tonicity cor- 
responds to that of a 1 p.c. NaCl; the former two values should always 
agree, for they are duplicates, but the latter four may not, for the 
experiment has been so arranged that the cells are exposed to the 
mixture of plasma and NaCl for different times. 

In addition to this general description of gene several additional 
points require mention. 

(1) It is provisionally assumed that the tonicity of rabbit’s plasma 
is the same as that of a 1-2 p.c. NaCl solution (grammes per 100 g. of 
water), and we require to add solutions of NaCl so as to alter the tonicity 
of the fluid surrounding the cell of the particular system employed and 
to establish tonicities equivalent to that of 0-70, 0-80, 0-90...1-5 p.c. 
NaCl. To produce a tonicity of 0-80 p.c. NaCl in the completed system, 
we require to add 3 c.c. of distilled water to every 6 ¢.c. of plasma. To 
produce a tonicity of 0-90, we need to add 3 c.c. of 0-30 p.c, NaCl to 
6 c.c, plasma; to obtain a tonicity of 1-00, we add 3 c.c. of 0-60 p.c. NaCl, 
and so on. The figures for the strength of the added NaCl solutions are 
easily found by calculation. Forthe study of the effect of other substances, 
e.g. KCl and glucose, solutions of the same freezing-point depression as 
these added NaCl solutions are prepared. The concentration of each may — 
be found by calculation from the data contained in Landolt and 
Bornstein’s tables; we can then, in all cases, express the final tonicity 
in the system in terms of the concentration of an NaCl solution, 
irrespective of whether N. aCl, KCl, or glucose is used to establish that 
tonicity, 

_ (2). The. provisional assumption (made for convenience in, the pre- 
paration of the salt solutions to be added), that the tonicity of rabbit's 
plasma is the same as that of a 1-2 p.c. NaCl, requires to be corrected for, 
since the true tonicity is equivalent to that of a 1-08 p.c. NaCl(A = 0-592). 
The correction can be applied at any time to the figures for the final 
tonicity of the fluid surrounding the cells. A second correction is required 
if the volume of plasma in 5 c.c. of blood differs from 3 c.c. (the quantity 
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provisionally assumed to be present) by more than 1 p.c.; such a differ- 
ence frequently occurs, but a correction can easily be applied to the final 
figures in this case also. 

(3) Since we have now performed many hundreds of experiments 
by this method, we are better able to form an idea of its accuracy than 
when its description was first published. The accuracy originally claimed 
was one of + 3 p.c. of volume, but as a result of many duplicate experi- 
ments performed in this investigation we are now inclined to consider 
as significant differences of more than + 1:5 p.c. of volume (roughly 
+ 1-Oy3 in the case of rabbit cells), Duplicate determinations of the 
volume of cells in their own plasma, for instance, almost invariably agree 
to less than 1-03. It should further be noted that each figure in the tables 
which follow represents the result for the pooled blood of four rabbits; 
the pooling of the blood is necessary in view of the large quantities 
required (about 200 c.c.), but is an advantage rather than a disadvantage, 
for the figures obtained are the more representative. 

_ (4) In the course of this investigation we have not rejected experi- 
ments in which one or more of the tubes showed crenated cells, for we 
have been forced to the conclusion that crenation is not necessarily, or 
even frequently, associated with diminution in cell volume. The evidence 
for this conclusion will appear below. 

(5) In order to render comparable the results obtained in different 
experiments, the volume-of the red cells immersed in their own plasma 
has been denoted by the figure 100, and all other volumes calculated 
as percentages of this. Percentage increase or decrease can thus be seen 
at a glance. The actual volumes of the cells in plasma varied, however, 
from 54* to 853 with a mean of 663.1 

(6) Throughout this paper, and especially in the figures, the observed 
volume changes are compared with “expected” changes. These “ex- 
pected” changes are calculated on the assumption that the cell behaves 
like a simple osmometer, and that, as stated by Gough [1924] and as 
confirmed by the more elaborate experiments of C. Krevisky [1930], it 
contains about 33 p.c. of osmotically transferable water, in which 
non-diffusible solutes are dissolved in sufficient concentration to give 
a tonicity equal to that of the plasma (1-08 p.c. NaCl). 

+ The upper limit for cell volume is considerably higher than that published by us 
earlier this year. As remarked in the latter paper [1930], we have found large cell volumes 
to be associated with high cell counts, and both to occur during the spring months. On 
the basis of some hundreds of observations made to date, we are inclined to think that 


there are seasonal variations both in the red cell volume and in the red cell count of the 
rabbit. A detailed analysis of the figures will be made at a later date. . 
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II. Resurss. 


The final results are best expressed in tabular and graphical form, 
and those for each substance are most conveniently discussed separately ; 
before proceeding to these in detail, however, it will be profitable to 
discuss some preliminary experiments which determined the method 
which was finally employed. 


(a) Preliminary findings. 

When we first began this investigation we adopted the bows plan 
of adding solutions of NaCl of various concentrations to a series of eight 
or ten tubes containing blood and hemoglobin-plasma, so as to obtain, 
in one single experiment, the volume of the cells in systems of differing 
tonicity (0-8, 0-9...1:5 p.c. NaCl). This procedure resulted, however, 
in quite inexplicable irregularities. In one experiment, for — we 
obtained the following values: 


Tonicity 08 09 %10 %413 %4I1:5 Plasma 
Volume, 60-7 59-6 57-1 55-9 542 53-1 51-9 51-6 53-8 


A tonicity corresponding to between 1-2 and 1-3 p.c. NaCl accordingly 
appeared to be isotonic; in hypotonic solutions there was swelling of the 
cells, and in hypertonic solutions shrinking. When this experiment was 
repeated, however, the following results were obtained: 


Tonicity 09 10 41-6 Plasma 
Volume, 77-1 75:5 73:5 71:9 70-4 69:9 65-1 63:8 63-7 


All solutions now brought about swelling of the cells, a very different 
result and one completely at variance with that of the first experiment. 
Both types of result, moreover, were confirmed on several occasions, at 
least in so far as some experiments showed the existence of an isotonic 
concentration and shrinkage, whereas others showed swelling in all 
tonicities. 

After some time it occurred to us that possibly our procedure was 
insufficiently standardized, especially in that unequal times elapsed be- 
tween the addition to the blood and plasma of the various NaC] solutions 
and the separation of the cells from the mixture. More particularly, the 
solution of NaCl which was used to produce a final tonicity of 0:8 p.c., 
for example, might have been added as much as half an hour before (or 
perhaps half an hour after, for we paid no attention to the order of ad- 

dition in these early experiments) the solution of NaCl used to produce 
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a final tonicity of 1-5 p.c. We accordingly used during the remainder 
of the investigation the method in which only one final tonicity is 
studied at one time, and in which the cells are allowed to remain in 
contact with a fluid of this particular tonicity for times varying from 
5 minutes to 4 hours. With the adoption of this method, the results 
became completely reproducible, and all the “irregularities” disappeared. 


(b) Sodium chloride. 

The following table is illustrative of a group of experiments with 
solutions of sodium chloride. In each case the volume of the cell in plasma 
is expressed by the figure 100. Since we consider the method as subject 
to an error of less than + 2 p.c., any differences between observed and 
expected results which exceed this figure are significant. Further, for 
the same reason, a solution which maintains the volume of the cell 
between 98 and 102 may be considered isotonic. 


tonicity, 

g Nacl Cell volume Increase 

per 100 - A Observed e 

g. water Smin. 30min. 1 hr. 2 br 3 hr. (p.c.) (p.c.) 
0-81 104 105 105 109 — +9 +96 
0-91 102 105 105 105 105 +5 +53 
1 102 100 104 101 _ +4 +18 
1-12 98 100 100 100 -1-1 

ii 12 102 100 98 +2 -11 
1-22 105 — 100 103 103 +3 ~36 
1-32 100 — 100 103 103 +3 ~+5-7 
1-42 102 103 106 106 108 +8 -76 
1-45 104 109 110 110 110 +10 ~79 


Several points are apparent from this table. (1) The addition of 
such an NaCl solution as gives a final tonicity in this particular system 
equivalent to that of a 1-12 p.c. NaCl causes no significant alteration in 
cell volume even after 2 hours (indeed, although not shown in the table, 
for 3 hours at least). The depression of freezing point for a 1-12 p.c. 
NaCl is 0-610, while that for rabbit’s plasma is 0-592; the isotonic 
solution found by this method differs, in fact, from that which corre- 
sponds to the A for rabbit’s plasma by only 4 p.c. (2) In a hypotonic 
medium the erythrocytes increase in volume to about the same extent 


as is expected if we regard them as simple osmometers containing — 


approximately 33 p.c. of “free” water. (3) In a hypertonic medium 
the cells show no decrease in volume, at least if the measurement is 
made after 5 minutes, but instead a progressive increase in voluni®*as 
time goes on. This is a surprising result, but, as will be seen below, is 

typical not only of NaCl, but of KCl and glucose also. We can suggest 
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no explanation other than that the osmotic pressure inside the cell 
steadily increases owing to the penetration of Na-ion. The question of 
such diffusion of kations across the red cell membraneis still a controversial 
one; within physiological limits, it is generally supposed (e.g. by Van 
Slyke, Wu and McLean [1923] by L. J. Henderson [1928], and by 
Wakeman, Eisenman and Peters [1927] that the cell membrane 
is impermeable to Na and K, although this view has been disputed by 
Hamburger [1916], Hamburger and Bubanovic [1910-11], and 
others, but for conditions outside the physiological range there is little 


doubt, in view of Kerr’s careful and elaborate experiments [1929], that 


+20 


+10 


$2 92 102 12 122 132 152 162 i172 182 192 

Fig. 1. Ordinate, cell volume, the cell volume in plasma being represented by 100, and 
the changes as percentages. The positive sign indicates swelling, the negative sign 
shrinking. Abscissa, tonicity of medium surrounding cells, expressed as g. NaCl 
per 100 g. water. The crosses represent observed volumes when NaCl solutions are 
used to produce the final tonicities. The continuous line shows the calculated volume 
at various tonicities, the method of calculation being explained in the text. 


‘penetration of kations takes place. The results recorded in this paper 


support, and derive support from, those of Kerr, for the changes in Na 
concentration which accompany the changes in tonicity produced in these 
experiments are outside the “physiological” range. 

It is important to observe in this connection, that the red cell volume 
remains constant in hemoglobin-plasma even for a period of as long as 
4 hours. 7 | 

(c) Potassium chloride. 

The following table shows representative results. The tonicity figures 

are given in terms of g. NaCl per 100 g. of water, but the various tonicities 
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were produced by the addition of 3 c.c. of KCl solutions of appropriate 
concentration. 


Final 
g- Cell volume Change 
i von 5 min. 1 hr 2 hr. 3 hr. (p.c.) p.c.) 
0-82 112 117 117 — +17 +9-6 
0-92 110 110 111 —_ +11 +53 
1-02 114 114 114 115 +15 +18 
1-12 112 114 _ 114 +14 -}1 
1-22 106 1 106 _ +6 -36 4 
1-32 112 109 110 +12 
1-42 109 110 109 — +10 -76 


-20- 


Fig. 2. Ordinate and abscissa as in Fig. 1. The circles represent the observed volumes when 
as that in Fig. 1. 


From experiments such as these, we draw the following conclusions. 
(1) In these systems, in which one part in three consists of a KCl 
solution, an isotonic medium cannot be obtained. (2) In a hypotonic 
medium the cells increase in volume, but, since the observed increases so 
much exceed the expected, it is clear that we are not dealing with a 
simple osmotic exchange of water. (3) In hypertonic media the cells 
increase in volume. This finding, and, indeed, all the results of the experi- 
ment, can be accounted for by the penetration of K-ions. A similar 
conclusion has been reached, by other methods, by Kerr [1929], and by 
Neuhausen and Breslin [1923]. The latter observers report increase 
in volume in hypertonic solutions of KCl, and the former has demon- 
strated by analysis the entrance of K from isotonic solutions. 
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(d) Glucose. 
An illustrative group of experiments is shown in the table below, all 


' data being expressed in the same terms as in the preceding tables. 


Cell volum 
water 6Smin. 1 hr 2 hr, (p.c.) p.c.) 
0-82 109 112 — +12 + 9-6 
0-92 112 114 112 +14 + 63 
1-02 113 111 113 +13 + 18 
1-12 102 102 100 +2 ~- Ll 
1-22 107 107 107 +7 - 36 
1-31 104 107 a 7 - &7 
1-42 97 101 103 -3,+3 — 76 
1-92 96 —4,+2 ~14-0 
-20 


| $2 102 122 132 152 172 182 18 

Fig. 3. Ordinate and abscissa as in Fig. 1. The triangles represent the observed volumes 
when glucose solutions are used to produce the final tonicities. The continuous line 
is the same as that in Fig. 1. The arrows indicate a progressive increase in size from 
the lower value to the upper. 


We draw the following conclusions from these experiments. (1) When 
a solution of glucose is added which produces a final tonicity of the fluid 
surrounding the cells equivalent to that of 1-12 p.c. NaCl, no significant 
change in cell volume takes place. The isotonic concentration is ac- 
cordingly the same as found in the experiments with sodium chloride, 
and the A of this fluid differs by only 4 p.c. from the A of rabbit’s plasma. 
(2) In hypotonic media the cells swell, but more than is expected, as in 
the case of potassium chloride. (3) In hypertonic media the cells also 
swell, but, if the tonicity is high enough, it can be observed that this 
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swelling follows a preliminary shrinking. This clearly indicates the rather 
slow penetration of glucose into the cell. No doubt a similar occurrence 
takes place when potassium chloride is used to produce hypertonicity, 
but, if so, the preliminary shrinkage must be over within 5 minutes. 


(e) The appearance of orenation. 


In view of the commonly accepted statement that crenation is a phe- 


nomenon which occurs exclusively in hypertonic solutions and which 
indicates a diminution in the volume of the cell brought about by loss of 
water, we have been surprised to make the following observations during 
the course of this study. 

(1) Crenation occurred scversl times in duplicate experiments in 
which the cells were suspended in plasma, but the mean cell volumes 
found were not significantly different (65° and 66°, 63° and 631%, 
58 u* and 58%). As judged by a rough counting method, the amount of 
crenation in the two tubes of each duplicate experiment was quite 
different. 

(2) Crenation occurred several times in one of the two tubes of 
a duplicate experiment in which the cells were suspended in plasma, but 
not in the other. The volumes found, however, were not significantly 
different (69.3 and 68 u°, 57y* and 57). 

(3) Crenation often occurred (at least 15 times) in the most hyper- 
tonic NaCl solution used, but swollen cells were seen side by side with 
the crenated ones, and even the crenated cells had a pale and swollen 
appearance. The mean cell volume in such solutions was siweye greater 
than the volume in plasma. — 

(4) Crenation often occurred in hypotonic solutions (0-91 p.c. NaCl). 
Swollen cells were also present and the mean cell volume was increased. 
Further, it was observed that the amount of crenation increased with 
time, but the cell volume remained constant. | 

(5) Crenation does not always occur in hypertonic solutions, but 
frequently occurs in very hypotonic solutions. For example, no crenation 
occurred in some cases in a tonicity of 1-92 p.c. produced by the addition 
of NaCl; crenation may occur, however, as noted by Yeager [1930], in 
the few unhemolysed cells left in very hypotonic solutions (0-3 p.c. 
NaC). 

(6) Crenation sometimes does not occur in hypertonic solutions until 
some hours have elapsed, but nevertheless, as time goes on, the mean cell 
volume may increase, 1.e. there may be a larger cell volume when the 
cells show more crenation. 
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colorimetric method cannot be used to measure the very temporary 
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In view of these findings, we cannot regard crenation as necessarily 
associated with a decrease in mean red cell volume or with hyper- 
tonicity of the surrounding medium. We rather regard it as a failure of 
the cell to maintain its special shape, which may undergo change without 
simultaneous change in volume. 


III, Discussron. 

The results obtained in this investigation differ in several important 
ways from those usually accepted, but the differences are largely due to 
the two types of method used. The principal differences of method are 
two in number: (1) the hematocrite method is incapable of detecting 
reliably the small alterations in volume which take place, and (2) the 


changes which can be roughly measured by the hematocrite method, 
in which the cells are rapidly separated from the plasma, so that osmotic 
exchanges nearly cease. The limitations of the hematocrite method are, 
however, of great importance in that we are usually not concerned with 
the immediate but temporary equilibrium which results when cells are 
placed in a given medium, and in that a solution which maintains normal 
volume or even decreases it for a short time after mixture may later 
cause an increase in volume, such an increased volume being usually 
maintained for several hours. 
It is clear from the results of this investigation that as soon as we 
take into account the fact that the same solution may give ¢ell volumes 
greater than, equal to, or less than the normal volume, depending upon 
the time elapsing after mixing, we require to distinguish between three 
types of solutions which are generally assumed to be the same, viz. 
isosmotic solutions, isotonic solutions and isoplethechontic solutions 
(solutions maintaining the volume unchanged). With respect to these 
terms the first and the last have a specific and different meaning, for 
two solutions of equal osmotic pressure (isosmotic solutions, e.g. an NaCl 
solution and a KCl solution of A = 0-610) need not be isoplethechontic 
unless it is assumed that the cells behave as inert osmometers imper- 
meable to the dissolved substances for a long period of time, which in fact 
they rarely do. The word “isotonic,” however, is used with a double 
implication, for the test of isotonicity is that cells immersed in a given 
fluid show neither shrinking nor swelling; the determination is made at 
one particular time, however, and no attention is usually paid in the 
experimental determinations themselves, to the maintenance or failure 
of maintenance of this volume; it i is usually tacitly assumed, nevertheless, 
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that the determination has been made after complete equilibrium has 
been reached, and hence it is inferred that the solution is at the same 
time isoplethechontic and isosmotic. Such an inference may be entirely 
| ba: as has been shown in the preceding experiments. 

| oe attention should be drawn to the fact that the results 
nou ip this paper can be assumed to be true only for the particular 
_ systems ed. i.e. systems which contain approximately 2 c.c. of red 
cells, 6 c.c. of plasma and 3 ¢.c. of a solution which modifies the tonicity 
of the final system. In one sense, this is an advantage, in that the 
alterations in the fluid surrounding the plasma are relatively slight, and 
the effects are thus those produced by comparatively small departures 
from normal conditions. In another respect, it is a disadvantage, since 
we have no information (at least as a result of this investigation) of the 
magnitude of the changes which occur when the cells are suspended in 
media containing little or no plasma, as is the usual experimental 
procedure. 

| SuMMARY. 


1. The addition to rabbit’s blood and plasma of a solution of NaCl 
or of glucose, whose depression of freezing point is approximately the 
same as that of rabbit’s plasma, does not alter the mean volume of the 
red cells. The concentration of such a solution is (or is equivalent to) 
1-12 g. NaCl per 100 g. of water (very nearly 1-12 p.c. NaCl). 

2. The cell volume increases in hypotonic media produced by the 
addition of solutions of NaCl to rabbit’s blood and plasma, and the in- 
crease is approximately as great as would be expected on the assumptions 
that the cells are simple osmometers and contain about 33 p.c. “free” 
water by volume. In hypotonic media produced by the addition of KCl 
or glucose the swelling is greater than can be accounted for in this way. 

3. The cell volume does not decrease (except very temporarily) in 
hypertonic media produced by the addition of NaCl, KCl, or glucose. 
The volume, in fact, steadily increases as time goes on. This indicates 
that the added substances penetrate into the cell. 

4. Crenation does not appear to be necessarily associated with a 
decrease in red cell volume, but is to be regarded rather as a failure on 
the part of the cell to maintain its peculiar shape. 


is 
A 
= 
is 
a 
4 
wa 
A 
a 
a 
4 
4 


THE MEASUREMENT OF RED CELL VOLUME. 
REFERENCES. 
| 

Gough (1924). Biochem. J. 18, 202. 
Hamburger (1902). Osmotische Druck- wnd Ionenlehre. 
Hamburger (1916). Wien. med. Wechr. 66, 519, 575. 
4 - Hamburger and Bubanovic (1910-11). Arch. int. Physiol. 48, 1 
| M Hampson and Maizels (1926-7). J. Physiol. 62, xvi. , 
Henderson, L. J. (1928). Blood. Oxford Univ. Press. 
Kerr (1929). J. Biol. Chem. 85, 47. 
: Krevisky (1930). Biochem. J. (In press.) 
l Neuhausen and Breslin (1923). Johns Hopk. Hosp. Bull. 34, 199. 
3 Ponder and Saslow (1930). J. Physiol. (In press.) 
' Van Slyke, Wu and McLean (1923). J. Biol. Chem. 56, 765. 
Wakeman, Eisenman and Peters (1927). J. Biol. Chem. 73, 567. 
4 Yeager (19380). Proc. Soc. Exp. Biol. N.Y. 27, 593. 
1 
e 
) 
e€ 
n 
a 
n 


181 
a 
AM 
q 
< 
2 


612.352.12:615. 361.37 


THE PRODUCTION OF HYPOGLYCAMIA IN RABBITS 
BY ORAL ADMINISTRATION OF PRECIPITATED 
INSULIN. 


By HARENDRA NATH MUKHERJEE. 
(Biochemical Department, Carmichael Medical College, Calcutta.) 


Recentty the author [Mukherjee, 1930] has shown that the blood- 
sugar level is definitely depressed in rabbits (and also in diabetic patients) 
after oral administration of the precipitate obtained by treating com- 


_ mercial insulin with phosphotungstic acid. In one rabbit the blood-sugar 
level dropped to 0-04 p.c. two hours after administration by mouth of 


the insulin phosphotungstate precipitate obtained from 100 clinical units 
of commercial insulin. Since then by using the bulky precipitate obtained 
from crude insulin prepared in the laboratory typical hypoglycemia with 
paralysis of limbs and convulsions has been observed. 

Insulin has been extracted from fresh beef pancreas according to the 
method described by Somogyi, Doisy and Shaffer [1924]. Fresh beef 
pancreas is finely hashed and is then extracted with about 1500 c.c. of 


_ methylated spirit (commercial), acidulated with 20 to 30 c.c. of 10N 


H,S0,, per kg. of pancreas. The mixture is filtered and the filtrate is 
evaporated to about 1/10th its original volume under an electric fan to 
drive out the alcohol. The solution is then filtered to remove separated 
fats and proteins. The active substance is then precipitated from the 
crude aqueous solutions by ammonium sulphate. 

The precipitate of active substance is then taken up in about 50 c.c. 
water (per kg. pancreas) and an equal volume of 10 p.c. H,SO, is added 
to it. After mixing by stirring, 30 p.c. solution of phosphotungstic acid 
in water is added in slight excess till no more precipitate forms. The 
precipitate is thoroughly mixed by stirring and is allowed to sediment’ 
in measuring cylinders. At the end of three or four days the precipitate 
per kg. pancreas is about 70 to 80 c.c. in volume. On centrifugalizing 
the volume is further reduced (30 to 40 c.c. per kg. pancreas). The clear 


supernatant fluid is discarded and the —— is ready for oral 
administration. 
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The substance appears to retain its potency well even after keeping 
at room temperature for several months. Not more than 2 to 3 c.c. of 
the centrifugalized precipitate (about 1/15th of ig. pancreas) have been 
given by mouth to each rabbit. The material is treated with an equal 
volume of distilled water (alcohol has been used in a few cases) and is 
thoroughly mixed up with glass rods, 4 to 6 c.c. (2 to 3 c.c. of the pre- 
cipitate) of this mixture are given by mouth to-rabbits fasting for 20 to 
24 hours. 10 c.c. of the precipitate in 20 c.c. of water have been given 
to diabetic patients fasting for 16 hours. 


SUMMARY. 

The phosphotungstate precipitate obtained from crude insulin when 
administered by mouth definitely lowers the blood-sugar level. In many 
cases the effect is as marked as after subcutaneous administration of 
insulin, as evidenced by marked hypoglycemia (a blood-sugar level as 
low as 0-015 p.c. has been observed), paralysis and convulsions appearing 
within one to two hours of the oral administration in rabbits. The effect 
on diabetic patients is also very marked and definite beneficial results 
such as decrease in hyperglycemia, polyuria and glycosuria have been 
obtained in patients following oral administration for a few days, The 
substance does not appear to have toxic effect when thus administered. 
The tungstic acid precipitate of crude insulin has also been tried in a few 

cases (rabbits) and appears to be equally effective. 

The animals showing marked hypoglycemia appear to have an in- 
creased tendency to bleed, as there is some difficulty in stopping the 
bleeding; this disappears on subcutaneous administration of glucose. — 
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INTERRELATIONS OF RESPIRATION AND GASTRIC 
SECRETION. 


By CHARLES E. BRUNTON ann M. C. G. ISRAELS. 


(From the Physiology Department, University of Manchester.) 


In 1921 Dodds [1921] showed that in normal persons there was usually 

a sharp rise of alveolar CO, tension of the order of 2 to 6 mm. Hg within 

| 45 minutes after a meal. This rise was followed within 90 minutes by an 
— , equally marked fall below the resting level; and finally there was a return 

4 to resting conditions. 

Later Dodds and Bennett in two papers [1921] correlated the rise 
of alveolar CO, tension with the secretion of acid in the stomach by 
taking samples of the gastric contents. They claimed that the rise was 
small or absent in hypochlorhydric cases, and was much exaggerated in 
cases of hyperchlorhydria. They associated the fall of alveolar CO, tension 
with pancreatic secretion, and produced a similar fall by introducing 
fluids direct into the duodenum. If atropine were administered before 
the introduction of food into the stomach or duodenum, alterations in 
the alveolar CQ, tension did not occur. In cases of gastrectomy and 
pancreatic deficiency, the expected modifications of the alveolar CO, 
curve appeared. In Bennett and Dodds’ paper [1921] this concurrence 
: of secretions and alveolar CO, changes was emphasized so strongly that 
| changes of CO, tension after meals have been considered a criterion of 
i digestive secretion [Wright, 1929] and the work has been quoted as 
proving a series of vital reactions set up by the loss of acid or alkali from 
the blood to a digestive fluid; e.g. elimination of HCl giving alkalemia, 
decreased stimulus to the respiratory centre with consequent decrease 
of pulmonary ventilation, rise of alveolar CO, tension and of arterial 
CO, content. 

In further papers Dodds and McIntosh [1923] showed that the 
CO, content of the blood varied pari passu with the alveolar CO, tension; 
and Dodds and Smith [1924] investigated the chloride content of whole 
blood and plasma after meals, These researches, while supporting the 
previous work in some respects, showed rather puzzling changes in others. 
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For instance, the increased carbon dioxide content of the whole blood 
was found to be entirely carried in the corpuscles; and the blood plasma 
appeared to lose chloride simultaneously to the gastric juice and to the 
corpuscles: these two changes are mutually antagonistic. 

Lim, Matheson and Schlapp [1921], using histamine as a gastric 
stimulant, were unable to find any consistent changes in the alveolar 
CO, tension coincident with gastric secretion, although large amounts of 
acid were secreted, 

Our investigations were planned to include the measurement of 
gastric secretion and the coincident changes, if any, in the alveolar 
CO, tension, the volume and composition of the expired air, and the 
urine. 

In the present communication, however, we wish to deal with two 
questions only: (1) assuming that the alveolar CO, tension does rise 
during gastric secretion, is there a reduction of minute volume of expired 
CO, and of pulmonary ventilation to allow for a parallel retention of 
CO,? And (2) does the tension of CO, in the alveolar air vary as described 
during the secretion of acid by the _— the secretion being produced 
in various ways? 

Three forms of gastric stimulus were used: ordinary meals, test meals 
(Ewald and gruel) and drugs (caffeine and histamine). With regard to 
the drugs, the histamine was injected hypodermically in the form of 
ergamine acid phosphate; it has been used previously by Lim, Matheson 
and Schlapp [1921] and by others [1925]. The caffeine, dissolved in 
warm water, was given by stomach tube; it has been used previously 
by Roberts [1927]. 

It was found necessary to ascertain the scabies of the stomach tube 
by X-rays and the fluorescent screen to eliminate the possibility of 
the tip of the tube curling up in the stomach, or reaching the duo- 
denum. 

The gastric juice was collected, except after normal meals, by an 
arrangement for its continuous aspiration, such as has been described by 
Lim, Matheson and Schlapp [1921]. The volumes of juice aspirated 
were assumed to be the volunies secreted. Topfer’s reagent was used 
as indicator in the estimations of “free HCl” and phenolphthalein in 
those of total acidity. 

The alveolar CO, tension was estimated by the Haldane- Priestley 
method. The expired air was collected in Douglas bags for periods of 
10 minutes in each quarter of an hour, analysed for CO, and oxygen 
and its volume measured. 
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At first the meal or drug was taken about 1 p.m. (at least 5 hours 
after a previous meal); in later experiments observations were started 
earlier than this on a fasting stomach. 

With regard to the first question, our results show clearly that, what- 
ever the effect of gastric secretion on the blood, the loss of acid into the 
stomach does not decrease the volume of expired air, nor the volume of 
CO, expired per minute. In 23 experiments (9 normal meals, 5 test 
meals, 9 with drugs), three showed decreases of pulmonary ventilation 
after the meal. In 13 experiments (5 normal meals, 8 with drugs), one 
_ showed a decrease of minute excretion of CO, (obtained from the 10- 
minute samples) concurrently with gastric acid secretion. 

In most of the experiments with normal and test meals, both the 
pulmonary ventilation and the minute excretion of CO, showed increases 
after the meal. Details are shown in Table I and in Figs. 1, 2, 3 and 5, 


Decreased = 
pulmonary minute 
No. of exps. ventilation No. of exps. excretion 
Mip-pDay 
Normal meal 7 0 3 0 
Ewald meal 4 1 ~ ne 
Caffeine eee 7 2 5 1 
Histamine - - 1 0 
Normal meal 2 0 2 0 
Gruel meal 1 0 
Histamine 2 0 2 0 
23 3 13: L: 


in which are plotted the results obtained in n typical individual experi- 
ments. 

The second question was studied in 20 experiments (9 normal meals, 
4 test meals, 7 with drugs). Of these, eight showed a rise of alveolar 
CO, tension after the meal; but the rise reached its maximum in about 
90 minutes after a meal. No subsequent fall was regularly found, even 
after 2 hours. It is worthy of note that‘out of the eight experiments in 
which a rise of alveolar CO, was recorded, six were from nine experiments 
with normal meals, only one was from four experiments with Ewald test 
meals, and only one from the seven in which gastric secretion was stimu- 
lated by drugs. In three experiments where water was administered, 
one showed a rise of alveolar CO, tension. _ 

The details are shown in Table II and Figs. 1 to 6. 
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Taste II, 
Rise of alveolar 
pCO, during 
No. of exps. secretion 
Mrp-pay 
Normal meal 4 
Ewald meal 2 1 
Caffeine 4 1 
Histamine 1 
Moryine 
Normal meal 2 2 
Gruel meal 2 0 
2 
20 8 
- 


Time (minutes) 

Fig. 1. Normal meal, given at time marked by vertical line. Diamonds and continuous 
line =alveolar CO, tension. Squares and broken line= minute CO, excretion (plotted 
at mid-point of collection period). 

The curves show (1) a rise of minute CO, excretion during the 2 hours following 
the meal, and (2) a rather irregular tension of alveolar CO, during the first hour 
followed by a rise. No significant fall below resting level after the first 30 minutes. 


Discussion. 


The case for expecting a rise of alveolar CO, tension concurrently 
with gastric secretion, and a fall with pancreatic secretion, is apparently — 
a strong one. The explanation usually adopted is based on the series of 
buffer mechanisms involved in the maintenance of the ratio between free 
and fixed CO,, which is expressed in the mORRELEOE: Hasselbalch 
equation. 
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Fig. 2. Normal meal, given at time marked by vertical line. Diamonds and continuous 


line =alveolar CO, tension. Squares and broken line= minute CO, excretion (plotted 
at mid-point of collection period). 

The curves show (1) a rise of minute CO, excretion; (2) a rise of alveolar CO, 
tension between 30 and 50 minutes, which persisted for at least 1 hour; (3) no fall 
of alveolar CO, tension within 2 hours after the meal. The subject showed no delay 
in secretion when tested with a gruel meal, caffeine or histamine. 
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Fig. 3. Caffeine, 0-2 g., given by stomach tube in 30 c.c. water at 40° C. at time marked 


by vertical line. Diamonds and continuous line =alveolar CO, tension. Squares and 
broken line=minute CO, excretion. Circles and dotted line=total gastric acidity. 
The CO, excretion and the acidity points are plotted at the mid-point of the collection 
period. 

The curves show (1) a rise of CO, excretion within 10 minutes after the drug, 
returning to resting level at 50 minutes, and thereafter showing no significant change; 
(2) a gradual fall of alveolar CO, tension during the first hour, a marked fall at about 
90 minutes, followed by a recovery to normal level. No rise above resting level; 
(3) maximum gastric acid secretion at 50 minutes after the drug was given. 
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The gastric hydrochloric acid is thought to be derived from the 
chloride i in the blood, thus: 


B.Cl + H,CO, + BHCO, + HCI, 


Time (Minutes) 


Fig. 4. Ergamine acid phosphate, 3 mg. (= =histamine, 1 mg.), given subcutaneously at 
time marked by vertical line, Diamonds and continuous line =alveolar CO, tension. 
Circles and dotted line=“‘free gastric HCl.” Crosses and dotted line=minute pro- 
duction of gastric acid. Gastric acid points are plotted at the mid-points of collection 


maximum gastric acid secretion, at about 40 minutes after administering the drug, 
followed by a gradual return towards normal level; (2) a very marked rise of free 
gastric acidity and minute acid production; where the latter goes off the figure it 
reached 232 c.c. N/500 acid per minute. ee 


acid were parallel. 


so that excess of bicarbonate is left in the blood equivalent to the HCl 
secreted in the gastric juice. This excess bicarbonate is thought to be 
compensated by a proportional increase of free CO, concentration, giving 
a condition of what Van Slyke [1921, 1] calls “compensated alkalosis,” 
with a consequent rise in alveolar CO, tension. 
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Dodds and Bennett [1921] claim to have shown the rise in alveolar 
CO, tension; and Dodds and McIntosh [1923] have reported corre- 
sponding increases in the bicarbonate concentration of whole blood 
(though, surprisingly, this is limited to the corpuscles). 
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Fig. 5. Ergamine acid phosphate, 0-75 mg. (=histamine 0-25 mg.), given subcutaneously 
at time marked by vertical line. Diamonds and continuous line = alveolar CO, tension. 
Squares and broken line=minute CO, excretion. Circles and dotted line = “free 
gastric HCl.” Crosses and dotted line=mjnute production of gastric acid. CO, ex- 
cretion and gastric acid points plotted at mid-points of collection periods. 
_ The curves show (1) rises of minute CO, excretion at about 30 and 70 minutes, 
_ : but not sustained; (2) a fall of alveolar CO, tension reaching maximum at about 
30 minutes, thereafter slowly returning to resting level; (3) an abundant gastric acid 
secretion. Curves for total acidity were parallel. : 


A calculation has been made by us (see Appendix) to show what 
change in: the alveolar CQ, tension may be expected if these reactions 
follow the production of gastric juice. The greatest amount of total acid 
collected in any 15-minute period during our experiments was 86 c.c. 
of N/10 acid. If a secretion of 86 c.c. be taken, and if it were possible 
for the whole series of reactions to be delayed until all this acid juice 


had been secreted, so that there were a sudden change of alveolar _ 


CO, tension equivalent to the total gastric acid of a 15-minute period, 
then our calculation shows that the rise of alveolar CO, tension would 
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be about 4:2 mm. Hg; which 1 is of the order found: by Dodds and 
Bennett. 
_ The above explanation is only seemingly sufficient. Claude Bernard 
laid down as a fundamental physiological principle that ‘the blood of 
a living animal is an internal medium kept remarkably constant with 
regard to its physico-chemical conditions by the co-ordinated influence 
upon it of the various organs of the body” [Haldane, 1929], and, as 
Haldane [1929] has pointed out, it is the co-ordinated activity that is | 
the essential part of this conception, The argument given above takes 
into account only one of the available mechanisms for maintaining con- 
stant the physico-chemical state of the blood: there are others that must 
be considered, and of these three are of primary importance. 

(i) Inthe blood during its passage through the lungs, redistribution 
of base occurs as a result of the oxygenation of, and the ventilation of 

CO, out of, the blood. Reactions such as 


BHCO, + H.Pr > B.Pr + H,00, 


occur. The distribution of base carried in the corpuscles is especially 
affected as a result of the oxygenation of hemoglobin. Such changes are 
of considerable importance, as Van Slyke [1921, 2] has shown, and they 
would tend to minimize, by rendering unnecessary, compensatory rises 
of the alveolar CO, tension. 

(ii) The activity of the kidney in the excretion of alkali must also 
be considered. As Leathes says [1920], it is “the sheet anchor for 
maintenance of the reaction of the blood.” He has pointed out, in the 
morning alkaline tide of the urine, a compensatory reaction to a con- 
dition of alkalemia. In this case increased activity of the respiratory 
centre caused an alkalemia by excessive removal of H,CO, through the 
lungs, and this was promptly compensated for by rapid excretion of 
alkali by the kidney [Leathes, 1919]. 

Davies, Haldane and Kennaway [1921] have shown that when 
50 g. of bicarbonate were ingested (corresponding to about 6 litres of 
N/10 HCl) the alveolar CO, tension rarely increased above 8 mm. Hg. 
The feature of their experiments was the rapid excretion of alkali by 
the kidney. In the above experiment they recovered 31-5 g. from the 
urine within 14 hours; and they found that the kidney could deal with 
from 5 to 7 g. of bicarbonate per hour in different individuals. Now this 
is equivalent to 150 to 200 c.c. of N/10 HCl per 15-minute period, so 
that it would seem that the kidney would find no difficulty in dealing 
with the alkali resulting from the secretion of amounts like 86 c.c. per 
15 minutes. 
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(iii) The buffering power of the tissue fluids is about ten times that 
of the blood for the substances concerned [H ill, 1930]. By this means 
alone the rise of alveolar CO, tension would be reduced from 4-2 mm. 
to about 0-4 mm. Hg. 

In accordance with Bernard’s principle, it is to be expected that 
such changes as occur will be distributed over all these mechanisms, 
thus minimizing the change in any one of them. When this is considered 
it is no longer a matter for surprise, but is indeed to be expected, that 
no constant changes in the alveolar CO, tension related to gastric or 
pancreatic secretion are demonstrable. 

There is a further consideration. Pavlov [1910], working on animals, 
showed that pancreatic secretion started almost simultaneously with 
gastric secretion: and Baird, Campbell and Hern [1924] have made 
similar observations in man. If this is so, the effects of loss of alkali 
on the one hand, or the loss of acid on the other from the blood, would 
be expected to cancel each other, partly or wholly. 

With regard to our observations on the increase of pulmonary venti- 
lation and minute CQ, excretion after meals, it is noticeable that this 
only occurs with regularity following meals, and not when gastric acid 
secretion is stimulated with drugs. We are unable to put forward an 
adequate explanation for this, but it may be connected with activity in 
the musculature of the alimentary canal. 

The action of caffeine on the respiratory centre was not found to 
interfere materially with observations on changes in respiration during 
the period of gastric secretion (see Fig. 3). 

With regard to the changes in alveolar CO, tension, the rise observed 
in some of our experiments with meals seems more attributable to the 
slight drowsiness which most persons experience after a meal, especially 
when they are seated and resting for long periods, as under the con- 
ditions of our experiments (see Higgins, 1914), than to gastric acid 
secretion, since such a rise was usually absent in experiments where 
drug stimulation was used, even when a copious acid secretion might 
have led one to expect a particularly marked rise. 


SuMMARY. 


1. The alveolar OO, tension, the pulmonary ventilation and the 
minute CO, excretion during the period following gastric stimulation 
have been investigated. The gastric stimulation was carried out with 
_ normal meals, test meals and drugs (caffeine and histamine). Except 

with normal meals, the acid secretion of the stomach was smaemeae 
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2. The pulmonary ventilation was found to increase with meals, but 
not when drugs were used. Similar changes were observed in the minute 
excretion of COQ,. 

3. No constant rise of alveolar CO, tension onus with, or 
varying part passu with, gastric acid secretion was found. Some experi- 
ments with meals showed irregular slow rises reaching a maximum in 
about 90 minutes after the meal. 

_ 4, No fall of alveolar CO, tension was found after meals concurrent 
with possible pancreatic secretion, even up to 2 hours after. 

5. It is argued that any possible excess of alkali resulting from the 
secretion of volumes of acid normally produced might be expected to 
be dealt with without necessarily causing a measurable rise in alveolar 
CO, tension. 

6. In consequence, we are of the opinion that the use of the changes 
in alveolar CO, tension after meals as an indication of the activity of 
gastric acid, or pancreatic, secretion is unjustifiable. 


We are indebted for advice and encouragement to Dr F. W. Lamb 
who suggested this work and to Prof. Raper. Our thanks are also due 
to those members of the Staff and students who acted as subjects, as 
well as to Miss M. J. Rickards and Mr P. J. Conlan who assisted us 
with the analyses involved. : 


APPENDIX, 


Calculation of the rise of alveolar CO, tension corresponding to the 
maximum seoreion of gastric acid observed. 


86 c.c. of N/10 HCl were produced in 15 minutes. This is equivalent 
to 8-6 mM. (millimolecules) HCl, which will cause an equivalent increase 
of 8-6 mM. BHCO,, and a decrease of 8-6 mM. H,CO, in the blood. 

Supposing that during this period the changes are distributed 
throughout the total volume of the circulating blood, then, taking this 
to be 5 litres, we have a decrease of concentration of H,CO, of 1-72 mM./ 
litre, and an increase of concentration of BHCO, of 1-72 mM./litre. 

The former can be neglected, as it may be assumed to be made up 
from the tissues, or from CO, retained by diminution of pulmonary 
ventilation. 
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We can proceed to calculate the increase of alveolar CO, tension re- 
quired to balance an increased concentration of BHCO, of 1-72 mM. /litre. 
From L. J. Henderson’s ae: 


cH = = where K = 8 x 10-*. 


Assuming that the axtetial olf remains constant at x 10-8, we have 


[H,CO,] = [BHCO,]= 0-11 mMflitreinthiscase 
= 2-8 c.c. CO, per litre, 3 


since 1 mM. = 22-4¢.c. at N.T.P. or 25-5 c.c. at 38° C. 

Now from the solubility coefficient of CO, (0-511), 511 c.c. of CO, 
per litre of blood would correspond to a pressure of 760 mm. Hg, and 
_ therefore 2°8 c.c. CO, per litre of blood would correspond to a partial 


pressure of 577 <x 760 mm. Hg or 4:17 mm. Hg. 

It is assumed that no excretion of alkali by the kidney or other 
change occurs during the 15-minute period, and “ the cH of the 
blood remains constant. | 
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THE INFLUENCE OF THE NUMBER OF ACTIVE 
FIBRES ON THE HEAT-TENSION RATIOS 
OF STRIATED MUSCLE. 


By McKEEN CATTELL anp KEEVE BRODMAN. 


(From the Department of Physiology, Cornell University 
Medical College, New York City.) | 


THE measurement of heat production in muscle and nerve, as developed 
in the hands of A. V. Hill and his associates, has proved to be extremely 
valuable in the elucidation of many problems in relation to the functions 
of these tissues. The myothermic technique, as now perfected, is an 
instrument of precision capable, under standardized conditions, of 
yielding dependable results which can be interpreted in absolute physical 
terms. Under other conditions the procedures rest on less secure foun- 
dations. One of these, in which we have been particularly interested 
because of its bearing on the problem of plurisegmental innervation, is 
the measurement of heat production when a variable number of fibres 
in a muscle are stimulated. 

Hartree and Hill[1921], working on double sartorius muscle pre- 
parations from the frog, found that the heat-tension ratio increased as the 
strength of the stimulus and the tension increased, by an amount varying 
from 11 to 36 p.c. and averaging 26 p.c., from which it was concluded that 
the heat production of the individual muscle fibre varies with the strength 
of the stimulus. This conclusion necessitates a modification of our usual 
conception of the “all or none” law, and it seems to us, as was suggested 
previously by one of us (Cattell, 1928], that it is not unlikely that the 
total number of active fibres influences the heat recorded from any one 
fibre or group of fibres in the muscle mass. 

In the experiments of Hartree and Hill referred to above not only 
was the individual muscle fibre subjected to an increasing strength of 
stimulation, but more and more fibres were brought into action as the 
stimulus was strengthened. In order to differentiate between these two 
possible influences on the heat-tension ratios, we have made a series of 
observations in which the muscle has been stimulated through its nerve. 
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Under these conditions, as the strength of the current is gradually 
increased, more and morge fibres are brought into action, but in view of 
the fact that the individual fibres. now receive their stimuli from the 
propagated nervous disturbance, there will be no corresponding change 
in the intensity of the stimulus reaching the fibre. Should there be any 
change in the heat-tension ratios under these conditions, it must be 
explained through some influence of the number of active fibres. 


Methods. For the measurement of heat production the general technique developed by 
Hill and Hartree has been employed. The thermopile Was of the flat type, consisting of 
50 turns of constantan wire wound on an ivory disc and electroplated with silver so as to 
give 50 “hot” junctions on each side of the disc and the same number of “cold” junctions 
at the edges. The thermopile was carefully insulated with De Khotinsky cement and 
paraffin, and when completed had a resistance of 36 ohms. The galvanometer was of the 
d’ Arsenval type, with a sensitivity of about 10 mm. per microvolt on a scale placed 2 m. 
from the mirror and with a period when critically damped of about 5 seconds. With this 
system the galvanometer deflection was found to be proportional to the heat applied to 
the whole muscle by the application of an alternating induced current. All measurements 
have been recorded in terms of galvanometer deflection, it being manifestly impracticable 
to determine the result in absolute units of heat in these experiments in which a variable 
number of fibres in the irregularly shaped gastrocnemius muscle are active. However, 
we have been concerned only with the relative amounts of heat liberated in the same muscle 
under the condition of a varying number of active fibres, for which the galvanometer 
deflection serves as an adequate measure. This of course precludes the comparison of 
heat-tension ratios obtained from different muscles. 

In recording the tension every effort has been made to make the system as rigid as 
possible and thus to reduce shortening of the muscle to a minimum. This has been ac- 
complished by utilizing a rigid framework connecting the holder for the torsion wire of the 
isometric lever with the support for the muscle clamp, thus giving two perfectly fixed 
points, between which the muscle is connected, movable only through the development of 
a pull on the torsion wire lever. The tendinous end of the muscle was attached to the arm 
of the lever, while the opposite end was fixed in a special clamp, adjustable by turning a 
thumb-screw for the regulation of the initial tension applied to the muscle. The same 
principle has been utilized and illustrated in connection with another study (Cattell and 
Edwards, 1928]. The movements of the lever were photographically recorded through a 
beam of light reflected from a small mirror placed at the axis of rotation of the torsion wire, 
thus permitting great magnification of the small differences of muscular tension without 
distortion. The maximum deflection recorded on the photographic paper was about 10 cm., 
corresponding to a pull of 900 g. and a calculated shortening of the muscle of or 064 mm. 
We have not converted the tension developed by the muscle into absolute units but have 
figured the heat-tension ratios on the arbitrary basis of the amplitude of the deflection as 
photographed. 

The isolated gastrocnemius muscle from the frog (Rana pipiens), with attached sciatic 
nerve, has been used in all the experiments. The general procedure has been to mount the 
preparation in the lever system in close relation to the thermopile, with the sciatic nerve 
across & pair of electrodes leading from the secondary of an induction coil. An automatic con- 
which uniform periods of tetanic stimulation could be applied to the nerve. The muscle 
was always subjected to a slight initial tension which was kept constant throughout the 
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experiment, The whole lever system thermopile and muscle were sealed in a wide-mouthed 
glass bottle which was immersed in a water-bath at room temperature. The necessary 
connections were made through a rybber stopper. No observations were made until a 
half-hour or more after setting up the preparation in order to allow time for equalization 
of small temperature differences and thus to obtain an initial stationary galvanometer 


The duration of the tetanic stimulation was kept constant at about 0-1 second, but the 
strength of the stimulus was constantly varied by shifting the secondary coil so as to give 
a series of responses between the threshold and maximum values. Stronger and weaker 
stimuli were indiscriminately mixed in order to avoid any error which might arise through 
a change in the condition of the muscle in the course of an experiment. In every instance 
simultaneous determinations were made of the heat and tension by observing the galvano- 
meter deflection and photographing the mechanical response, and in this manner we have 
obtained data for the determination of the heat-tension ratios through a wide range of 


activity. 
RESULTS. 
Upon completion of the experiment the heat-tension ratios were 
calculated and arranged in the order of increasing magnitude of the 
tensions of the individual observations. The same result would have been 
attained by considering the ratios in connection with the heat production, 
but in this paper tension will be used because it appears to bear—as will 
be shown later—a closer relation to the number of fibres active. The 
results of eleven experiments are summarized in Table I. 


Tastz I. Heat-tension ratios of striated muscle in relation 


: to the number of active fibres. 
Exp. 0-25 p.c. 26-50 p.c. 51-75 p.c. 76-100 p.c. 
1 _ 45 (2) 46 (3) 62 (5) 
phe eee 69 (3) 87 (2) 81 (6) 
2* 56 (3) 63 (4) 
o> 50 (3) 66 (6) 77 (2) 92 (5) 
3* ns 0 (4) 69 (4) 76 (4) 
4 63 (1) 62 (5) 85 (4) 126 (7) 
4* ie (8) 75 (3) 104 (6) 
5 se 44 (6) 70 (5) 97 (7) 
6 — 50 (4) 62 (3) 66 (5) 
6* — 49 (1) 55 (6) 62 (7 
7 39 (4) 42 (3) 46 (4) 51 (6) 
Average 54-0 67-6 82:1 


For brevity in presentation the results of each experiment have been 
classified into four groups in accordance with the tension developed. 
The figures in the first group represent the average of all the observations 
(heat-tension ratios) in which 25 p.c. or less of the fibres of the muscle 
(as indicated by the tension) are active. The second group gives the 
heat-tension ratios for the range representing 26 to 50 p.c. of the fibres, 
and so on, The figures in parentheses in every case give the number of 
observations for which the preceding value is the average. Those experi- 
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ments designated by an asterisk represent the results of a second series 
of observations carried out on the same muscle, after a short interval 
of time, and are not included in the final averages at the bottom of thé 
table. 

The results are clear-cut in showing for every experiment a rise in 
the heat-tension ratios, with the contraction of more muscle fibres as a 
stronger stimulus is applied to the nerve. Individual experiments show 
increases of more than 100 p.c. in the heat-tension ratios and the average 
change for all the experiments, as the average tension is increased from 
37-5 p.c. to 87-5 p.c. of the maximum, is 54 p.c. The method employed of 
averaging the observations in groups results in a slightly smaller difference 
between the extremes of the heat-tension ratios because in general the 
lowest values have been found with the smallest number of fibres and 
vice versa. The individual determinations from two experiments are 
shown in the curves of Fig. 1. They illustrate two rather extreme cases 


: Percent of maximum tension 
20 40 60 80 


Fig. 1. Results from two experiments showing the change in the value of 
the heat-tension ratios with the stimulation of more fibres. 


with respect to the maximum change in the heat-tension ratios, and 


emphasize a variability which we have constantly found. It will be 
noted that in general the deviations from the curve due to experimental 


errors are not large in comparison with the changes in the heat-tension 
ratios occurring with alterations in the number of active fibres. The 
values at the beginning of the curve are subject to the greatest percentage 
error on account of the small amount of heat and tension registered. 
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On the assumption that the method allows of an accurate measure- 
ment of both the heat and tension, the change in the relative values of 
these quantities would indicate a corresponding change in the efficiency 
of the individual fibre as more of them become activated by the appli- 
cation of a stronger stimulus to the nerve. 


Discussion. 


The ‘lie of the present study made on the gastrocnemius muscle, 
stimulated through its nerve, are closely comparable to those obtained by 
direct stimulation of the sartorius muscle by Hartree and Hill [1921]. 
Evidently the increasing heat-tension ratios obtained as the strength 
of the stimulating current is increased cannot be due to an action of the 
stronger stimulus on the muscle fibre;-because in our experiments the 
stimulus has always been transmitted through the nerve. This leaves the 
alternative that there is a causal relationship between the number of 
active fibres and the value of the heat-tension ratios. It appears ex- 
ceedingly improbable that the fundamental contractile processes within 
the individual cells can be modified to such an extent by the absence or 
presence of activity in neighbouring fibres, for this would denote a 
change in efficiency of the muscle fibre of 50 p.c. or more without evident 
reason. The alternative possibility is that some factor enters which 
_ influences the proportion of heat or tension measured. 

Should our methods of recording result in the measurement of less 
tension for the individual contractile units as more become active, we 
might thus explain the rising heat-tension ratios. Two suggestions have 
been made in this connection in an attempt to explain the greater tension 
_ occurring when the two roots of the gastrocnemius muscle are stimulated 

separately, as compared to that when they are simultaneously stimulated, 
without invoking the alternative explanation of a bisegmental inner- 
vation of individual fibres. Fulton ([1926, p. 119] has emphasized the 
importance of the amount of shortening on the tension developed by a 
muscle fibre. In a series of four experiments on the gastrocnemius muscle 
of the frog the average tension of the single twitch was increased about 
15 p.c. when the shortening during contraction was increased from 0°10 — 
to 0-52 mm. In the present type of experiment the shortening permitted 
must necessarily be proportional to the tension, consequently the greatest 
shortening occurred when the largest number of fibres was stimulated. 
Moreover, the heat production, if influenced, might be expected to change 
in the opposite direction, for, according to Fenn wists and Hill [1929], 
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about 30 p.c. more energy is liberated above the isometric value when 
the muscle is allowed to shorten and do work. However, in our experi- 
ments the difference in the amount of shortening with the contraction 
of more fibres is so small that at most the above-mentioned factors could 
account for but a small percentage of the observed increase in the heat- 
tension ratios. 

A second possible source of inaccuracy in interpreting tension records 
has been advanced by Katz[1925], who points out that in the gastroc- 
nemius muscle the tension developed by the whole muscle may not be a 
- true value for the sum of the tensions developed by the individual fibres, 
because of their diagonal arrangement. He believes that the superiority 
in tension obtained from the separate stimulation of the two nerve 
roots to the gastrocnemius muscle, over that for their simultaneous 
stimulation, is due to a certain proportion of the fibres exerting their 
force against each other in the latter case. This suggestion, if it is a valid 
one, probably would not enter into the results of the present experiments, 
in which there is no reason to suppose that the distribution of active 
fibres is not more or less general throughout the muscle. Moreover, in 
so far as the direction in pull of any group of muscles is improved, by 
bringing them into closer alignment with the longitudinal axis of the 
muscle, there will be a corresponding increase in the degree of shortening 


occurring before tension can be developed, and this, we believe, would — 


offset any effect of the improved mechanical advantage on the tension. 
A similar effect has been experimentally demonstrated by Cooper[1929], 
who found that, when the fibres within a muscle are arranged in series, 
the fractional contraction of a muscle results in a considerable loss of 
efficiency, 1.e. the presence of inactive fibres reduces the tension developed 
by the active ones. The distortion in shape occurring when one root is 
stimulated indicates a corresponding situation in the gastrocnemius 
muscle. 

A necessary consequence of Katz’s conception is that the muscle 
acts less efficiently when it contracts as a unit, as it undoubtedly normally 
does in the gastrocnemius of the frog. It seems to us, however, hardly 
probable that a muscle which has but a single function should be so 
constructed that its efficiency is increased by the asymmetric activity of 
its parts. In a paper now in the press we present experimental evidence 


indicating that neither the diagonal arrangement of the fibres nor 


differences in shortening account for the excess tension obtained on 
separate stimulation of the two nerve roots to the gastrocnemius muscle. 
A second factor which might explain the rising heat-tension ratios 
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with increased number of active fibres exists in the possibility that a 
changing proportion of the heat produced is recorded. What is actually 
measured by the technique employed is the change in temperature of 
the constantan-silver junctions, and this in turn is dependent upon the 
temperature of the muscle fibres nearest to the thermopile. When the 
whole muscle is not acting as a unit a certain time will be required for the 
equalization of the temperature, which will vary with the distribution 
and number of the active fibres and thus invalidate the comparison of 
the heat production resulting from the contraction of fibres in different 
parts of the muscle. This is well exemplified by the experimental data 
published by K atz [1925], giving the measurements of the heat and tension 
developed by the gastrocnemius muscle of the frog when stimulated 
through one or the other of the two roots from which it receives its chief 
nerve supply. We have calculated the heat-tension ratios for all his 
experiments in which complete data are available and find that this 
value is always greater for root a than for root 6, varying in degree from 
15 to 283 p.c. and averaging 93 p.c. Similar results obtained in the course 
of our own work will be described in our second paper [1930]. We have no 
reason to assume a difference in the relative amount of tension developed 
for the two roots nor in the physiological response of the muscle. Clearly 
a considerably smaller proportion of the heat is recorded from the 
activity of those fibres farthest from the thermo-junctions. How large 
tis factor may become is well illustrated by the experiments of Katz 
just cited, in which it is indicated that on the average nearly twice as 
much heat is recorded from the activity of the group of fibres nearer to 
the junctions, as compared to those more distant. We have found in our 
experiments [1930] that not only is a very much smaller proportion of 
the heat production recorded from those fibres most distant from the 
thermopile, but that it takes about three times as long for the galvano- 
meter deflection to reach the maximum, presumably due to the time 
consumed in conducting the heat through the intervening fibres. How- 
ever, in the present experiments there appears to be no correlation 
between the galvanometer deflection time and the number of fibres 

The foregoing considerations indicate the complexity of the situation 
confronting the measurement of the heat production of muscle under 
conditions in which a varying number of fibres are active. Equalization 
of the temperature does not occur in a uniform period, and, due to the 
_ slow conduction of heat from the more distant points in the muscle, the 
activity of certain fibres makes little or no contribution to the total heat 
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measured. The corresponding tension measurements, on. the other hand, 
should show no differences relating to the position of the active fibres 
with reference to the exterior. : 

On the assumption that, under conditions of submaximal stimulation, 
the active fibres are evenly distributed throughout the muscle, it seems 
that the heat-tension ratios should theoretically remain constant regard- 
less of changes in the number of fibres stimulated. It is questionable, 
however, whether this condition is ever realized. Certainly in the 
experiments of Hartree and Hill, in which the muscle was stimulated 
directly, those fibres nearest the electrodes must have been stimulated 
first, but even in our experiments, in which the stimulus was applied to 
the nerve, the active fibres may have been grouped. That this was 
probably the case is suggested by the rather wide variation in the time 
consumed by the galvanometer deflections in those experiments in which 
a small proportion of the fibres was stimulated, which contrasts with 
the great constancy observed for the stimulation of the whole nerve, 
and in other experiments involving all the fibres of a single nerve root. 
This variation in the time of the deflection strongly suggests that the 
active fibres varied in their distance from the thermo-junctions, and 
hence were not uniformly distributed. This possibility is further supported 
by the observation that a wider variation exists in the heat-tension ratios 
when the stimulus is submaximal, as compared to the value when all 
the fibres are stimulated. 

If there is a grouping of the active fibres, the situation corresponds to 
the condition described in the following paper [1930], in which it is shown 
that the heat-tension ratios resulting from the stimulation of one nerve 
root practically always have a lower value than that obtained from the 
stimulation of the whole nerve. These we are inclined to attribute in 
large measure to a change in the proportion of the heat production 
recorded, possible causes for which are discussed. In the present experi- 
ments the increasing heat-tension ratios, as more fibres are stimulated, 
are probably to be explained in the same manner, but whatever the 
cause may be, it appears certain that it bears no relation to an influence 
of the stimulus strength on the individual fibre, as was concluded by 
Hartree and Hill from results obtained by a different method. The 
range of the change in heat-tension ratios is greater in our experiments 
than in those of Hartree and Hill, undoubtedly due to the difference 
in material upon which we worked. As has been previously emphasized 
by Hill, any errors in the measurement of heat production, such as 
those discussed above, would be exaggerated by the employment of a 
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relatively large muscle, such as the gastrocnemius employed in the, 
present study. 
SUMMARY. 


The relative amount of heat and tension measured, as the result of 
the application of a short tetanic stimulus to the gastrocnemius muscle 
of the frog through its nerve, changes as the strength of the current is 
varied between its threshold and maximum value. In seven preparations 
the average value of the heat-tension ratio increased more than 50 p.c. 
as the tension increased from a low value to the maximum. 

Since the muscle was always stimulated through its nerve, this result 
is not due to a primary influence of the current strength on the physio- 
logical response of the muscle, but rather to the chan,‘ng number of 
active fibres. 

Various factors which might account for the increasing value of the 
heat-tension ratios as more fibres are involved are discussed, and it is 
suggested that the explanation lies in the difficulty in measuring a 
constant proportion of the tension or heat produced when a changing 
number of fibres are active, with the evidence favouring the latter. 
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HEAT VERSUS TENSION IN RELATION TO THE 
PROBLEM OF PLURISEGMENTAL INNERVATION. 


BY KEEVE BRODMAN anp McKEEN CATTELL. 


(From the Department of Physiology, Cornell University Medical 
College, New York City.) 


As a criterion of the energy output accompanying muscular activity, it 
is usual to employ either the heat production or the development of 
tension, two quantities which under most conditions bear a constant 
relationship to each other. For the estimation of the number of active 
fibres in a muscle mass, either the determination of the heat production 
or tension should give a satisfactory answer, provided our methods 
permit of the measurement of a constant proportion of the energy 
produced. Both procedures have been employed in an attempt to gain 
evidence on the problem of plurisegmental innervation, and more speci- | 
fically to determine the proportion of fibres activated by a given nerve 
root. But Katz[1925] has found that the two methods give contradictory 
answers to this question. In a series of sixteen experiments on the 
gastrocnemius muscle of the frog, he found that the sum of the heats 
obtained on separate stimulation of the eighth and ninth roots of the 
sciatic nerve was on the average only 1 p.c. greater than the heat obtained 
by stimulating both components together, while the measurement of 
_ tension in twelve experiments gave an average superiority of 41 p.c. for 
the separate stimulation of the two roots. Katz believes that the heat 
measurements serve as a reliable guide, and that the discrepancy is due 
to the impossibility of recording all of the tension developed by the 
individual fibres when the whole of the gastrocnemius muscle contracts. 
Because of our interest in the problem of plurisegmental innervation, we 
have thought it worth while to repeat K atz’s experiments, and to attempt 
to throw further light on the validity of heat and tension measurements 
in relation to the problem of plurisegmental innervation. 


The experiments have all been carried out on the isolated sciatic-gast prepa- 
rations from the frog (Rana pipiens). 
and tension we have used the same thermopile, galvanometer system, and tension lever 
described in the preceding paper [1930 a], and the methods of recording have been the same. 
Special double electrodes were fixed at the end of two grooves cut in a hard rubber block, | 
along which each of-the two nerve roots was laid. A projection of hard rubber between the 
two grooves served to minimize the tendency of current spread from one root to the other. 
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The strength of current was carefully adjusted in each experiment to assure that it was of 
sufficient strength to stimulate all the fibres of each nerve root, and at the same time to be 
well below the strength resulting in spread to the fibres of the other root. Photographic 
records were made of the tension developed in response to a brief period (about 0-1 second ) 
of tetanic stimulation applied in turn to each of the two roots (a and 5) supplying the 
muscle, and to both together (a + 6). Simultaneous readings were made of the initial heat 
production as indicated by the galvanometer excursion. These observations were repeated 
a number of times with each preparation. 


The data from twelve experiments are presented in abridged form in 
Table I. 


I. 
Tension Heat Ratio Time | 

a +b a b a 6 a+b. 

Exp. (p.c.) (p.c.) (p.¢.) (p.c.) we) (p.c.) (p.c-) (p.c.) (sec.) (gec.) (sec.) 
5 93 65 158 65 43 108 70 66 21 7 13 
9 69 $1 150 40 71 Ill 58 88 58 21 30 
84 53 137 59 41 100 70 77 
4 75 57 132 42 43 85 56 75 27 7 13 
6 92 37 129 62 31 93 67 8 36 til 15 
3 60 65 125 26 58 84 43 89 62 15 21 
2 82 38 120 86 33 119 105 87 We 
ll 62 54 116 44 53 71 98 60 1 ~° 36 
12 70 37 107 58 28 86 83 3. we hi 19 
7 50 56 106 28 46 74 56 ‘82 28 7 13 
8 78 25 103 55 20 75 71 80 18 6 14 
69 47 100 46 13 29 
Average 123-5 91-7 39 ll 20 


The values for tension and heat and the ratios of these two quantities for 
each of the two nerve roots, a and b, are expressed as percentages of the 
value obtained on simultaneous stimulation of the same nerve roots, the 
latter quantity arbitrarily being fixed at unity (100 p.c.). The figures in 
the third columns under the headings of tension and heat represent the 
sum of the values given in the two preceding columns, and they signify 
the percentage excess or deficiency in the tension or heat obtained on 
separate stimulation of the two roots in relation to the values (= 100 p.c.) 
obtained from stimulation of the whole nerve. Under the heading time 
_ is given the period in seconds for the galvanometer deflection to reach its 
maximum, at which point the reading representing the initial heat was 
taken. All the figures for each experiment represent the averages of 
from three to ten observations made successively on the preparation. In 
the table they have been arranged in the order of decreasing tension 
development obtained from the separate stimulation of the two roots. 
The total tension developed in response to the separate stimulation 
of roots a and b exceeds the result for their simultaneous stimulation by 
an average of 23-5 p.c. in these experiments. The value in individual 
preparations, however, varies all the way from 58 p.c. down to nothing. — 
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On the assumption that the development of tension is proportional to the 
number of stimulated muscle fibres, these figures represent the percent- 
age of plurisegmentally innervated fibres in each preparation. Various 
workers have reported rather widely differing results from similar experi- 
ments made on the same type of material. For the literature see de Boer 
[1929] and Cattell [1928]. The two most probable explanations which 
have been advanced to account for this variability are, first, the differences 
in the rigidity of the muscle mounting and, secondly, individual mor- 
phological variations in the nerve distribution. The great importance of - 
a perfectly rigid system between the two poihts of attachment of the 
muscle has been especially emphasized by Fulton [1926], who has 
shown that even a slight degree of shortening in the muscle considerably 
reduces the development of tension, and it is clear, as he points out, that 
this factor would influence the result of the stimulation of the two roots 
together more than that for single root stimulation, because in the 
former case the tension developed is greater and consequently there is 
more movement of the lever. The factor of individual variability has 
been especially noted in the material studied in this laboratory (Cattell, 
1928], and it is apparent in the data published by all other investi- 
gators. 

Our average figure,of 23-5 p.c. for the excess tension from single root 
stimulation is much smaller than the 41 p.c. reported by Katz [1925], 
and it is less than that found in other observations made in this laboratory. 
It is clearly the result of the considerable group of preparations included 
in the table which, according to the criterion of tension, failed to show 
the presence of more than an insignificant number of plurisegmentally 


‘innervated fibres. Since the completion of the experimental work de- 


scribed in the present paper we have discovered a third factor, which 
undoubtedly bears an important causal relation to the low values 
observed in some of our experiments and in those of other workers. It 
was observed that, in certain experiments in which repeated observations 
were made upon the relation between T, + T, and 7,,,, the superiority 
of the former. value became less and less as the experiment proceeded, 
4.e. the apparent proportion of plurisegmentally innervated muscle fibres 
became constantly less. The results of seven experiments in which the 
observations extended over a period of an hour or more are summarized 
in Table II with reference to the relative tensions at the beginning and at 
the end of the experiment. The last two are not included in the averages 
because in these preparations fatigue was produced by stimulation of one 
nerve root, so that the conditions were not comparable. Two examples 
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Tanz IL. The change in the proportion of functioning doubly innervated muscle fibres 
accompanying the development of fatigue. 4 


T+» at end, in relation 
i + T, to initial values 
Start End Observed Calculated 
Exp. (p.c.) (p.c.) (p.c.) (p.e.) 
3 137. 127 80 81 
6 130-118 59 
13 121 103 50 48 
14 130 59 61 
16 160 112 66 61 
g* 20 100 15 64 
15* 25 103 89 78 
Average 136 «116 62 62 


Exp. 13 


- 


Fig. 1. Results from two experiments showing the apparent decrease in the number of 
plurisegmentally innervated fibres as the observations were repeated. The tensions are 
eee T'a+» The distance between the two 
curves at any point represents the percentage of functioning doubly innervated fibres. 
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res : showing the changes which occurred as the experiment proceeded are 
: _ charted in Fig. 1. It will be seen in this group of experiments that, due 
|. to changes in the general nature of fatigue, the average value for 7,,, 
fell off more than one-third, and at the same time the excess tension from 
single root stimulation fell from an initial value of 36 p.c. to 16 p.c. 

It is well established that the major portion of the loss in power 
which comes with the initial stages of “fatigue” in a muscle stimulated 
through its nerve, is due to a failure of the impulse to get past the neuro- 
muscular junction!, and we believe that the change in the relative tensions 
from nerve root stimulation is to be explained in large measure on the 
basis of a purely chance distribution of blocked impulses. For example, 
: : let us assume that 40 p.c. of the muscle fibres in a given preparation are 
7 doubly innervated, i.e. the T,, + 7; is greater than T,,.,, by this amount. | 
* If the tension (7',,,) should fall to 60 p.c. of its original value in the course 

of an experiment, due to.failure of nerve impulses to get by a purely 
chance distribution of blocked neuro-muscular junctions, then by a 
simple calculation it can be shown that the plurisegmentally innervated © 
fibres would be reduced to 16-7 p.c. of the total, a value which approxi- 
‘mates that actually observed. The theoretical values for T,,,, on the 
basis of a chance distribution of non-functioning nerve endings, the 
number of which is indicated by the change in the values for 7, + T,, 
have been calculated for each experiment and are recorded in the last 
column of the table. The agreement is fairly close and lends strong sup- 
port to the suggested explanation. In the last two experiments, marked 
with asterisks, fatigue was intentionally produced by stimulating the 
nerve root giving the smaller response in the muscle. Theoretically this 
should result in a greater influence on 7, + T, than on T,,,, because all 
the doubly innervated fibres should retain one ending, so that the observed 
value for the latter figure should be higher than that calculated on the 
basis of an evenly distributed influence on the nerve endings, and that is 
just what occurs. 

This change in the relative values of the tension recorded in the 


1 This is commonly demonstrated in the student laboratory by stimulating through the 
nerve until the muscle no longer responds and then shifting the stimulus directly to the 
muscle, when a good sized response may again be obtained. Such experiments are usually 
carried out with the isotonic lever, which makes an estimate of the number of active fibres 
uncertain, but in a series of eight experiments recently reported (Amer. J. Phystol. 84, 618 
1928), using the sciatic-gast ius preparation from the frog and a torsion wire lever, 
it was found that about three-fourths of the original power of the muscle could be obtained 
on direct stimulation of the muscle immediately following complete “fatigue” produced by 
a tetanizing current applied to the nerve. 
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course of the experiments throws important light on the interpretation of 
tension values, such as those given in Table I. Our average figure of 
23-5 p.c. excess tension from single root stimulation indicates fewer 
plurisegmentally innervated fibres than actually exist, because the figures 
in the individual experiments are the average of tensions taken over a 
considerable period of time. Moreover, in order to obtain stable tem- 
perature conditions for the measurement of heat production, the first 


_ observations in these experiments were usually not made for an hour or 


more after the muscle was prepared, so that even the initial measurements, 
such as those given in Table II, are likely to give too low an indication. 

The agreement between the theoretical and observed values for 
T 44» With the development of fatigue is quite close, as already noted ; the 


- variations being within the experimental error of the method. However, 


a small percentage of the falling off in tension as the experiment proceeds 
must be due to a deterioration in the power of the fibres remaining 
active, so that the value of 7,,,, should be less than that calculated 
on the basis of blocked endings alone. Possibly the observation of — 
Cooper [1929] that, in the case of muscle fibres arranged in series, 
inactive fibres result in a loss in effectiveness of the active ones, bears a 
relation to our low values. If this factor plays an important réle in the 
gastrocnemius muscle of the frog, we should expect the value of 7, + T, 
to be less than 7,,,, in the absence of plurisegmentally innervated fibres. 
An alternative hypothesis lies in the possibility that the distribution of 


non-functioning nerve endings is not a chance one, but that a doubly 


innervated fibre is more likely to lose the function of one of its neuro- 
muscular junctions than is a fibre possessing only one. Some support is 
brought to this suggestion by the observation which we have noted 
several times, that frogs which have been kept in the tank for several 
months and whose muscles are much atrophied, are likely to show a very 
low proportion of plurisegmentally innervated fibres. This suggests the 
possibility that there may be a biological adjustment favouring the 
maintenance of one functional ending in each muscle fibre under un- 
favourable physiological conditions. 

As has been pointed out previously, all investigators have found very 
great variations in the magnitude of the excess tension recorded from 
single root stimulation over that observed when they are stimulated 
simultaneously, but it seems that the significance of this variation in 
relation to various suggestions which have been brought forward to 
explain the tension result without invoking the conception of doubly 


_ innervated fibres has been overlooked. These suggestions have been 
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_ fibres work at an angle and exert their force to a certain extent against 


shortening inevitably present during the activity of the whole muscle 


the experiments of Katz, or the 58 p.c. to nothing in our present series, 


difficulty. 


of Katz [1925]. Actually, on the criterion of heat production one would 
be led to the conclusion that in these experiments no muscle fibres are 
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discussed in some detail in the previous paper [1930 a] and need only be 
mentioned here. Katz believes that, when only one nerve root is 
stimulated, the contracting fibres turn more or less parallel to the line of 
muscle pull, whereas, when the whole muscle contracts as a unit, the 


each other, and thus the full tension developed by the individual fibre is 
not transmitted-to the lever. Fulton’s suggestion, that the greater 


must result in a decrease in the tension developed by the individual fibre, 
might possibly account for the rather small excess tensions observed in 
his experiments. These factors, however, if they play a réle, should do 
so to an approximately equal degree in all preparations. It is not clear 
how they could account for the variation of from 17 to 77 p.c. shown in 


when each group of observations was made under the same experimental 
conditions. The inadequacy of these suggestions becomes more apparent 
when we consider them in relation to our recent observation that the 
excess tension (7', + T,)— (T,4,) shows a marked decrease in a single 
preparation as it becomes fatigued. On the other hand, on the hypothesis 
of doubly innervated fibres to account for the excess tension, neither the 
wide normal variation nor the change in a given muscle presents any 


Turning now to a consideration of the measurements of the initial 
heat production included in Table I, it will be noted that the relative 
values do not correspond with those for the tension in the same experi- 
ments, in which respect our results are confirmatory of the earlier findings 


doubly innervated, since the value of H, + H, is generally less than that 
for H,,,. The deficiency in the heat for the sums liberated in response to 
single root stimulation averages 8-3 p.c. in the twelve experiments 
included in Table I, a difference which is much larger than the experi- 
mental error. This discrepancy becomes even more significant in relation 
to the values found in individual experiments, in which some of the 
values for H, + H, are as low as 70 p.c. of the H,,, value. 

It is instructive to compare the heats with the tensions in the given 
experiments. If we take the first seven experiments in the table, 1.¢. 
those showing an excess tension for the sum of the roots a and 6 of 20 p.c. 
or more, and averaging 36 p.c., it is found that the corresponding values 
for the heats for the separate roots exactly equal that for the whole 
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nerve. In a similar manner, taking those experiments showing a tension 
excess of less than 20 p.c. (the last five experiments in the table), we get 
a tension excess averaging only 6 p.c., while the corresponding heats 
give a deficiency of 20 p.c. 

The foregoing analysis suggests that there must be some error in the 


measurement of the heat production. If the same proportion of the heat 


produced is recorded, the value of H, + H, should never fall below that 
of Haiz, while the trend of our figures indicates that this is a regular 
occurrence in the absence of functionally active plurisegmentally inner- 
vated fibres. The situation is more or less comparable to the results 
obtained when different numbers of fibres are stimulated by changing the 


strength of the stimulating current. We [1930a] found, as the current — 


strength applied to the nerve was increased and more fibres were brought 
into activity, that the value of the heat-tension ratio increased. This we 
are inclined to attribute to the recording of a larger proportion of the 
heat production liberated by each fibre as more of them become active. 
If this is true when the number of active fibres is controlled by the nerve 
roots stimulated, our readings for H,,, would be too high and thus explain 
the failure of H, + H, to exceed this value, as it does for the tensions. 
Even though the values for the sums of the heats and tensions fail 
to show a proportionality, it is nevertheless true that the heat production 
does bear a certain relationship to the tension, because in preparations 


having a relatively high 7, + 7, there is also in general a high H, + H,. 


It is evident, however, that the equality between H, + H, and H,,,, 
occurring in certain groups of experiments, as in those reported by Katz, 
cannot be used as an argument against the existence of plurisegmentally 
innervated fibres. The fact that the value of H, + H, is likely to be less 
than H,,, in muscles showing little or no excess in tension, favours an 
exactly opposite conclusion, 1.e. a plurisegmental innervation is indicated 
by such results. We do not believe, however, that the heat readings, 
even when corrected according to the above mentioned indications, can 


serve as a reliable measure of the number of doubly innervated fibres, — 


because, as will be shown later, much will depend upon the relation of 
the two muscle groups to the thermo-junctions. 

In the gastrocnemius we are employing a muscle of special complexity 
and rather large size, so that any sources of error inherent in the method 


are undoubtedly exaggerated. Early in his work with the myothermic 


technique Hill [1913] recognized the difficulty in obtaining reliable 
measurements of the heat production when the mass of the muscle is 
large, and he has further emphasized this point in a recent paper [1929], 


= 
- 
4 
4 
4 
i 
i 
al 
| 
H 
if 
| 
3 
a 
| 
} 
4 
i | 


_in length, while the longest, in the middle portion, do not exceed 5 mm. 
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in which he states that the myothermic method is not applicable to all 
muscles. Martin [1928] has studied the relation between the work 
performed and the total energy liberated in a number of muscles of the 
frog, and has observed a characteristic heat curve for each muscle 
investigated, which he believes is to be explained by differences in the 
anatomical arrangement of the fibres within the muscle. The structure 
of the gastrocnemius is particularly complex on account of the diagonal 
arrangement of its fibres, and because they do not extend through the 
full length of the muscle. According to the measurements of Lindhard 
[1926], the fibres at the lower end of the muscle average less than 1-5 mm. 


It is clear that many fibres must be far removed from the proximity 
of the thermo-junctions, even in the type of thermopile employed by 
Katz, with the junctions arranged in a circle around the belly of the 
muscle. As a matter of fact, because of the shortness of the fibres, this 
arrangement would appear to offer no advantage over having them 
placed in line on one side of the muscle, as was done in our experiments. 
The wider variations in the heat-tension ratios in the experiments 
reported by Katz, as compared to ours, suggest that the circularly 
arranged junctions were more distant from certain of the fibres in the 
muscle than was the case with the flat thermopile. 

The failure in many experiments of the sum of the heats from separate 
stimulation of the two nerve roots to equal the heat recorded when the 
whole nerve is involved requires an explanation. The situation is complex, 
and it is difficult to evaluate the various factors which must play a part 
in the final result. Certain possibilities, however, may be considered in 
this connection. In the first place it is evident that we do not measure 
the same proportion of the heat produced from each of the two parts of 
the muscle innervated by the separate roots. This is shown in Table I in 
the differences in the heat tension ratios for roots a and 6. Even greater 
differences are evident in Katz’s experiments, in which the ratios 
obtained from root b exceeded those from root a by an amount varying 
all the way from 15 to 283 p.c. and averaging 93-4 p.c. in the twelve 
experiments for which complete data are available. These differences 
are instructive in the light of the time required for the galvanometer to © 
reach the maximum point of its deflection, as recorded in the last group 
of columns in Table I. It is not possible to make comparisons of the — 
heat tension ratios from different experiments, because the conditions 
were not the same and no attempt has been made to convert the measure- 
ments to absolute units. The ratios in any one experiment, however, are 
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significant in showing differences between the two roots and their 
combined action. 7 

It will be noted that roots a and b regularly differ widely in the time 
required for the galvanometer to reach its full excursion, the effects from 
the more quickly acting root requiring in the average less than a third as 
long as the other. The time of the excursion when both roots are stimu- 
lated together always lies between the values for the two roots separately, 
and the period is closest to that of the more rapidly recording root. In 
general, those experiments having considerable differences in the heat- 
tension ratios for the two roots show an inverse relation to the time, 
i.e. less heat is recorded from those fibres producing the slower galvan- 
ometer excursion, facts which are undoubtedly related to their greater 
distance from the thermopile. As the time is increased a relatively small 
proportion of the actual heat production is recorded on the galvanometer, 
due to the loss by diffusion and also to a greater warming of the “cold” 
_ junctions of the thermopile. The fact that the heat-tension ratio from the 
separate roots is usually less than that from the whole nerve probably 
has a similar explanation. The fibres closest to the junctions always take 
part, so that the heat is immediately available, and at the same time the 
loss of heat by conduction to neighbouring fibres is less (because all the 
fibres are heated by their own activity) and more time is available for 
the galvanometer to reach its full excursion, with the result that a 
relatively large proportion of the heat is recorded. When the group of 
fibres near the junctions contracts alone more heat is lost to the neigh- 
bouring fibres, and when the far group alone is active the time required 
for conduction to the junctions results in a further loss. 

These differences in the heat-tension ratios do not in themselves 
explain why H, + H, is less than H,,,. If the measured heat-tension 
ratio for each fibre (even though no two give the same result) remains 
constant, independently of the activity of neighbouring fibres, these two 
quantities should equal each other. Our results, however, suggest that 
the heat measured per fibre is influenced by the activity of other fibres 
in the muscle mass. There are various factors which might enter into 
this situation, and further experiments are planned to test out the 
circumstances under which such an influence can occur. Therefore a 
discussion of the possible mechanism will be deferred. It is apparent, 
however, that, since the maxima of the two heat curves obtained on 
separate stimulation of the two roots are widely displaced in time, their 


sum would not have the same value as that obtained on the simultaneous 


stimulation of the same roots, even under conditions in which the heat 
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conteibuted to the thermo-junctions from the activity of one part of the 
muscle is uninfluenced by the presence or absence of activity of the other 
part. The galvanometer deflection resulting from the activity of the 
whole muscle should now equal the sum of the curves from the two parts 
at any point of time, and since their maxima do not coincide, the value 
of their sum (H, + H,), in so far as it is influenced by this factor, will 


._ be greater than that for the whole (H,,,). 


In the present discussion we have been concerned only with the 
validity of the measurements of heat and tension as a criterion of the 
number of plurisegmentally innervated fibres. We believe that the 
demonstration of wave summation, resulting when two properly spaced 
stimuli are applied successively to the two nerve roots, is adequate 
proof of the presence of some plurisegmentally innervated fibres[Cattell, 
1928]. De Boer [1929] has expressed the opinion that. these results 
must be in error, because the summated response in one of the examples 
illustrated is greater than the arithmetic sum of the responses of the two 
roots stimulated separately. This, however, is not a valid criticism 
because, with a low initial tension or with an isotonic lever, the summated 
response of a muscle may considerably exceed twice that obtained from 
a single stimulus. Uyeno [1927], previous to the publication of our 
work, applied the criterion of summation to the question of doubly 
innervated fibres in the frog’s gastrocnemius. When the two stimuli were 
sent in turn down the nerves of two separate gastrocnemius-sciatic 
preparations attached to the same lever, a similar augmentation in the 
contraction height was observed, which led Uyeno to the conclusion 
that the results from the doubly innervated muscle do not represent a 
true summation, but that they may be accounted for by an influence of 
one group of fibres on the other when they contract successively. Similar — 
experiments on double gastrocnemius preparations have just been 
reported by Hintner [1930], in which he obtained an apparently good 
summation when stimuli spaced by 0-012 second were applied in turn to 
the two muscles, and he suggests that this finding invalidates previous 
conclusions drawn from this type of experiment in relation to the 
problem of plurisegmental innervation. We have repeated Hintner’s 
experiments with double gastrocnemius-sciatic preparations on the tor- 
sion wire myograph and, provided there is no current spread! from one 


1 Spread of current, even with the greatest care, is extraordinarily difficult to avoid 
unless the two muscles are electrically insulated from each other. This is due to a capacity 
effect of the secondary coils which results in the passage of current along both nerves when 
either is stimulated. 
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nerve to the other, no evidence of a “summation” has been observed, 
i.e. there has been no increase in the tension developed as the interval 
between the two stimuli has been increased from zero to 0-02 second. 
That there may have been current spread in Hintner’s experiments is 


indicated by the failure in the records reproduced of the tension developed — 


by the simultaneous stimulation of the two muscles to equal the mathe- 


matical sum of the tension obtained on separate stimulation. In our — 
~ hands such a result has always been an indication of current spread. 


In conclusion it may be stated that the evidence from the experiments 
reported in this paper tends to support the reliability of tension measure- 
ments as an indicator of the proportion of doubly innervated fibres in a 
muscle, and to remove the objections which have been raised through the 
failure of heat measurements to give a corresponding indication. 


SuMMARY. 
1. In the gastrocnemius muscle of the frog, preparations in which 


the sum of the tensions (7') resulting from the separate stimulation of the — 


eighth and ninth nerve roots (7, + 7,) considerably exceeds the value 
obtained from their simultaneous stimulation (7,,,) give values for the 
initial heat (H) such that (H, + H,) approximates (H,,,), as was observed 
by Katz. On the other hand, if the excess tension (7, + T;) — (7.4) 
is low, the heats measured for the separate roots (H, + H,) fail to equal 
the value obtained when the whole nerve is stimulated at once (H,,,). 


_ This suggests that a\smaller proportion of the heat produced is recorded 


when both roots are stimulated together, and consequently that heat 
measurements do not serve as a reliable criterion of doubly innervated 
muscle fibres. 

2. The indicated proportion of plurisegmentally innervated fibres 
((7, + T,) — (Ta4n)) becomes smaller as the observations are repeated, 
1.e. a8 fatigue develops. In one group of experiments the average number 
was reduced to less than one-half the original indication, during a period 
which resulted in a reduction of the power of the muscle (7',,,) to about 
one-third, This result can be accounted for on the basis of the functional 
loss of a chance distribution of neuro-muscular junctions, and it un- 
doubtedly explains many instances in which a low proportion of plariseg- 
mentally innervated fibres has been indicated by tension. 

3. The change i in the value of the excess tension ((7', + 7,) — (T,,)) 
which may occur in a given preparation, as well as the wide differences 
observed between different preparations, rule out the suggestions 
advanced by various workers that the excess tension can be wholly 
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accounted for by a decrease in the proportion of tension registered when 
both roots are stimulated together (7',,,). 


4. These results indicate that tension records give a reliable approxi- 


mation of the proportion of fibres in a muscle having functionally active 
nerve endings from both nerve roots. 
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RECORDING OF RESPIRATION OF SMALL ANIMALS. 
By G. ENDRES. . | 


(From the Physiological Laboratory, Cambridge.) 


THE apparatus described below makes it possible to record the following 
points in the respiration of small animals such as marmots or rabbits: 
(1) the frequency, (2) the depth of respiration, (3) the total ventilation 
(min. vol.), and (4) the type of respiration (the form and time relations 
of the curves of inspiration and of expiration). 

Fig. 1 represents such an apparatus. A rabbit i is shown in place within - 


j 


SA 
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4 
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Fig. 1. Apparatus for registration of minute volume of air breathed by rabbit. 


the glass tank, covered with a glass lid. Its head is steadied between two 
wooden diaphragms, in one of which is an orifice for the nose, in the 
other a slot for the neck. A mask, made of fine sheet rubber, covers the 
snout and is secured by rubber bands around the neck. The rabbit 
breathes through two valves, connected with the outside by rubber 
tubes, one for the intake and the other for the _— 
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These valves are made of strips of thin sheet rubber (thickness 0-25 
mm.) pasted together at the folded edge (Fig. 2a). One portion of the 
strip lies free on the aperture of the glass tube, forming the valve, the 
other portion is secured around the glass tube by a cord. The resistance 
of such valves is extraordinarily small. Such a rubber valve may be 
prevented from sticking to the edge of the glass tube by placing a string 
on its opening as seen in Fig. 2c. Further details of the relation of the 
valves to the connecting tube of the mask may be seen in Fig. 2b, where x 


Fig. 2. 
Fig. 2. Valves for apparatus shown in Fig. 1. For lettering see text. 
Fig. 3. Tracing of respiration of rabbit. 


is the opening of the tube which connects the inside of the mask with 
the chamber into which valve z (inspiratory) opens. This funnel-shaped 
chamber opens into a second one of similar form, by way of valve y 
(expiratory). Both tubes covered with valves are held in place by rubber 
stoppers. The valves are placed vertically, the eaperecey valve below 
and the inspiratory valve above. 

The inside of the tank is connected by a lead tube with a recorder 
of suitable size made of a sheet of thin celluloid (Fig. 1). The recorder 
can be calibrated by blowing in a certain amount of air with a syringe. 

_ Fig. 3 shows a tracing of the respiration of a rabbit made by this — 
method, and Fig. 4a demonstrates the respiration of a hibernating 
marmot [Endres and Taylor, 1930]. In this case a large desiccator was 
used instead of a glass tank. In Fig. 4b a curve of a single movement of 
respiration from the same experiment is given. This observation was 
made at a greater speed of the drum than that recorded in Fig. 4a, in 
order to study the type of respiration. 
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The apparatus may be modified for special experiments. It is possible 
to place the valves outside the tank so that only the tube, connecting 


Fig. 4. Tracings of respirations of marmot with drum (a) slow, (5) faster. 


them with the mask, passes through the wall of the tank. In operations 
upon either the head or the neck, the space in the tank may be made air- 
tight by closing the hole in the front wall by a sheet of stiff rubber placed 
snugly about the neck. Then the head of the animal is outside the tank. 
The observation of respitation by recording the respiratory changes of 


the 


volume of the animal's body was first made by Marey [1868] and 


Knoll [1874]. They, however, used tracheal canulas. | 


I wish to thank Prof. Barcroft for his assistance and criticism in this 


work. I have to express my thanks also to the Rockefeller Foundation for 
a grant from which the expenses of this research were defrayed. 
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OF BLOOD- PRESSURE PRODUCED BY PERIPHERAL 


- action upon variations of blood-pressure is exerted by cardiac and 


612.181.4 


INFLUENCE OF THE AORTIC AND CAROTID SINUS 
NERVES UPON THE HEIGHT AND FORM OF THE RISE 


STIMULATION OF THE SPLANCHNIC NERVE. 
By J, IZQUIERDO! (Mexico). 


Tae work of H: E. Hering [19274] and 
{[Koch, 1929a] has proved conclusively that the aortic? and: carotid 
sinus nerves together represent the centripetal path of a reflex self- 
regulating mechanism of the aortic pressure, and that a controlling 


vascular reflexes originating in the — pressure receptors of these 
nerves [Hering, 1927d]. 

Nevertheless, the experimental of the blood-préssure 
egaietii réle of the sinus and aortic nerves has been based until now on 
methods which consist essentially in varying locally the pressure in the 
carotid sinus [Hering, 1927a, 1929; Heymans, 1929a]. Experiments 
have been lacking to show that the aortic and carotid sinus nerves come 
into play when physiological variations of the patie blood- ~pressure 
take place in the organism. 

A convenient method for producing a rise in the eae blood- 
pressure is to stimulate the peripheral end of the splanchnic nerve. The 
vaso-pressor effect thus produced may be regarded as normal. The re- 
sulting increase in peripheral resistance takes place in a vascular territory 
totally independent of that in which the sinus nerves are located. 
Thus by stimulating the peripheral end of the splanchnic nerves by a 
constant faradic stimulus under similar conditions, first with the aortic 
and carotid sinus nerves intact and then with the nerves eliminated, 
results were obtained which not only confirmed the —, function 


1 Fellow of the Rockefeller Foundation. 
from the aorta, as long as no other centripetal path for depressor cardio-vascular reflexes 
was known. But since the sinus nerves were shown to have the same functions, it is 
better to revert to the older name of “aortic” nerves (Hering, 19274; erunesoi 
1902]. 
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- of these nerves but gave a more detailed picture of this control under 
physiological conditions. 


METHODS. 


Z Ten 2-5-3-7 kg. rabbits; four 3-6-3-8 kg. hares; four 5-0-18-5 kg. dogs 
and five 3-2-4-0 kg. cats were used for these experiments. 

About half an hour before the beginning of the experiments with 
rabbits, hares and dogs urethane and morphine hydrochloride were sub- 
cutaneously injected. (Rabbits, 0:35-0:55 cg. morphine and 0-35-0-55 g. 
urethane per kg. body weight; hares, 0-54-0-84 cg. morphine and 
0-40-0-55 g. urethane per kg.; dogs, 0-5-1-0 cg. morphine and 0-27- 
0-30 g. urethane per kg.) With cats urethane alone was injected (0-70- 
1-25 g. per kg. of body weight). 

To eliminate the influence of muscular movements and to obtain 
more regular curves curaril (rabbits 0-54—0-80 c.c., and dogs 0-27-0-32 c.c. 
of the original solution per kg. of body weight') was administered in a 
few instances, and the animals artificially ventilated. This obviated the 
prolonged arrest of the respiratory movements which is often seen, 
especially in the dog, after stimulating the sinus nerves. Hyper-ventila- 
tion, which is known to depress the vasomotor centre [Henderson and 
Haggard, 1918], was also avoided. 

The animals were kept warm by an electric heating pad. The 
preparation consisted usually of the following steps: Longitudinal medial 
incision in the neck in order to put cannulas in the trachea and in the 
external maxillary vein; isolation of both vagi, in special cases the aortic 
and sinus nerves, and, in all, isolation of both common carotids, around 
which loops of thread were passed by means of which they could be easily 
lifted and clamped. One of the splanchnic nerves (usually the left) and, in 
a few cases, both right and left were prepared extra-peritoneally by a 
procedure which was essentially the same as that described by the earlier 
investigators [Asp, 1867] and in recent books (Sherrington, 1919]. 
The nerves were severed and their peripheral ends placed on platinum- 
shielded electrodes, similar to those described by Samojloff [1925]. 
The electrode with the nerve was fixed in position by stitching it to the 
neighbouring muscles and, to prevent any escape of current to the sur- 
rounding tissues, it was packed around with dry gauze before sewing 


* These doses of curaril are definitely smaller than those which paralyse the smaller 


‘ae capillaries and small veins of the splanchnic area [Koch and Nordmann, 
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together the edges of the wound. An inductorium with a 10,000 turns 


secondary coil, and an interrupter giving about 50 double oscillations 
per second, connected to a 4-volt accumulator, were used. The weakest 
stimulus was selected which gave a maximal blood-pressure effect (this 
generally occurred with coil distances between 12 and 8 cm.), and was 
continued until the blood-pressure curve had reached its maximum. As 
a routine the Hg manometer was connected with the right A. femoralis. 
In cases in which it was desired to follow the variation in heart-rate, a 
Hiirtle’s membrane tonometer registered simultaneously upon the 
smoked surface of a sliding kymograph (E. Hering). In a number of 
experiments the suprarenal glands were prepared : in dissecting them and 
arranging the loops of thread preparatory to tying them off, care was 
taken to see that no damage was done to the splanchnic fibres coursing 
close by [Gley and Quinquaud, 1918; Pearlman and Vincent, 
1919]. To test this, the operation was performed before any other and 
a control curve of the effect of splanchnic stimulation was obtained 
before tying off the suprarenals. | 


RESULTS. 


General remarks. The relation between the height reached by the 
rise of blood-pressure during stimulation of the peripheral end of the 
splanchnic nerve and the influence of the blood-pressure regulating 
nerves upon this rise has not yet been investigated. 

Moreover, although the typical form of the curve has been the object 
of numerous investigations, no investigation has been made upon the 


influence of these nerves upon its general features. Since Johansson 


[1891], Bayliss and Starling [1899] and Lehndorff [1908], many 
experimenters have shown that the form of the blood-pressure curve 
produced by stimulation of the splanchnic nerve is characterized by a 
“step” or a “dip” which occurs shortly after the beginning of the rise, 
and breaks the smooth ascent of the curve. 

For a long time this form has been considered as typical for the cat 
and the dog. It was denied later for the rabbit, and predicted that it 
would not be found in other species [Gley and Quinquaud, 1921], but 
finally it was reported to be more or less constant in different mammals 
in which it was investigated [Gley and Quinquaud, 1922; Vincent 
and Wright, 1924]. It appears that to register the “dip,” attention 
must be paid to the conditions under which the experiments are carried 
out. The nature and the doses of the anzsthetic used must be carefully 
considered. In animals deeply anzsthetized or which have received ex- 
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cessive doses of curare the “dip” is not observed 
and Vincent, 1919; Vincent and Wright, 1924; McGuigan and 
Hyatt, 1919). | 

As far as my’ observations go, the “dip” te the curve varies both 
in its character and form, not only from animal to animal but also in 
the same animal. A more or less marked “dip”’ is seen most frequently 
(Figs. 1A,8A to D). It may be, however, as Johansson showed [1891], 
only a simple “step.” Nevertheless, wide variations of these two types 
are also found and the “dip” can be so slight as only to be represented 
by a notch (Figs. 2B, 3A and C) or, on the contrary, so exaggerated as 
to sink to (Fig. 7A) or even below the initial level of pressure. In the 
four hares not only was the “dip” observed, but it was followed very 
constantly by a second depression (Figs. 4 and 5B). Thus to judge upon 
and compare its experimental variations, all these nee must be 
borne in mind. 

The experiments reported in this paper show that both the height 
and the form of the blood-pressure curve resulting from splanchnic 
stimulation are very considerably modified by the aortic and carotid 
sinus nerves. 

_. The following descriptions are typical of the variations observed in 

the curves from rabbits, hares and dogs. Results of the same type are 
obtained in the cat after suppression of the suprarenal glands, but when 
these glands are intact, as — below, they are found to differ in 
several 


A. Tien of the aortic and carotid sinus nerves together. 
(a) Upon the height of the curve. The existing evidence upon the func- 
tions of the aortic and sinus nerves suggests that the rises of blood- 
pressure following identical stimulations of the peripheral end of the 


Fig. 1. Rabbit 5. Both suprarenals tied off and both splanchnic nerves severed. Stimu- 
lation of the peripheral end of the right splanchnic nerve (coil distance = 12). A. Both 
common carotids open. B. Both common carotids closed at @ and re-opened at b. 
1 second time intervals in this and other curves. The duration of stimulation is 
recorded at the bottom of the figures. ; 
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splanchnic nerve when both aortic and sinus nerves are intact would be 
smaller than those obtained after one or more of these nerves have been 
eliminated. ‘The maximal differences were naturally to be expected 


. between the conditions in which all the four blood-pressure regulating 
units are active and those in which all are eliminated. My eens 
which confirm this are tabulated in Table I. 


Tastx I. Rise of blood-pressure produced by stimulating the splanchnic nerve _ 
before and after suppression of the aortic and carotid sinus nerves. : 


Splanchnic nerve Aortic and carotid sinus Aortic and carotid sinus 


nerves intact nerves eliminated 
stimu- Rise of pressure ee Rise of pressure 
lated in mm. Hg in mm. Hg 


Tx 

Animal tioned inem. Time From To crease Time. From To crease 
Rabbit 5 Both R,,* 10.51 78 104 26 11.16 81 135 6&4 
Rabbit 9 Both Rg 11.12 46 66 20 11.46 98 147 £449 
Rabbit 15 Both Lis 9.38 qe - 104° Gl 9.47 88 169 81 

17 Left Lis 10.21 116 163 # 37 10.32 179 296 117 


10.6 150 178 28 118 234 282 


13 Left 1039 122 149 27 . 12.15 153 194 41 
25+ Left 105 161 199 29 1039 168 215 52 


*R= =right splanchnic nerve. L= =left splanchnic nerve. + Vagi also severed. 


F 


From inspection of this table it is seen that with two similar 
stimulations of the splanchnic peripheral end, the one made 
after the aortic and sinus nerves are eliminated brings about 
a rise of blood-pressure considerably greater than those 
obtained when all these nerves are intact. 

(6) Upon the form of the curve. After suppressing the two 
aortic and the two sinus nerves the form of the curve is 
simpler (Figs. 4D, 5A and 7B) and without the slightest sus- 
picion of a “dip.” 


Fig. 2. Rabbit 7. Both suprarenal glands tied off and both splanchnic nerves severed. 
Stimulation of the left splanchnic nerve (coil distance =6). A. 7 common carotids 
closed at a. B. Both common carotids open at 5. 
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Having thus observed the maximal variations, it was next deter- 
mined what variations occurred when either the aortic or carotid sinus 


nerves were suppressed in turn leaving the other pair of nerves active. 


7? 3. Rabbit 9. Both splanchnic nerves severed and simultaneously stimulated (coil 

distance = 6). The three upper curves were taken after both aortic nerves were severed. 
A and C. Common carotids open. B. Common carotids closed. Between A and B 
carotids closed at a and 2 minutes’ pause; at b carotids opened. Sinus nerves sectioned 
before taking the two lower records. D. Both carotids open. E. After they had been 
closed at the beginning of a 1-5 minutes’ interval between the two curves. 


B. Influence of the aortic nerves alone. 


(a) Upon the height of the curve. A very simple method for sup- 


pressing the functions of the two carotid sinus nerves consists in merely 


clamping both common carotids, thus bringing the blood-pressure values 


in the carotid sinus below threshold. Under these conditions the two 


aortic nerves only are left active. Examples of the observed differences 


in the height reached by the splanchnic pressure curve when both carotid 
sinuses and aortic nerves or when only the later are active are given in 
Table II and Figs. 1, 2, 4A, B and 6. 

With the exception of the cases in the cat to which reference is made 
below, from inspection of the table it is seen that the rise of the 
splanchnic pressure curve is higher when only the two aortic nerves are 
in action than when the two sinus nerves are in action as well. The 
observation in dog 22, which is an exception, is to be explained by the 
high values reached by the blood-pressure after clamping the carotids, 
_ values so high that no further increase could be expected. 
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Attention must be drawn also to another result, obtained on several 
occasions, of which dog no, 20 is an example: stimulation of the splanchnic 


Fig. 4. Hare 17. Both splanchnics severed. Left stimulated (coil distance = 12). A. Both 
common carotids open. B. Both closed. Both aortic nerves then severed and the 
other two records taken. C. Both common carotids open. D. Both closed. Upper 
curve, Hg manometer; lower curve, Hiirtle’s membrane tonometer, in each case. 


nerves was so ineffective in raising the blood-pressure (Fig. 6 A) that at 
first the correct position of the electrodes was questioned. That such 
was not the case was easily proved by clamping both common carotids, 
upon which, by repeating the same stimulation, the pressure definitely 
rose (Fig. 6B). This clearly shows that the inhibitory influence of the 
aortic and carotid sinus nerves, and especially of the latter, upon the 
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- Tate II, Rise of blood-pressure produced by stimulating the splanchnic nerve when 
-_ both aortic and carotid sinus nerves, or when only the aortic nerves are active. 


Splanchnic nerve Aortic and carotid sinus. - Aortic nerves 
A mervesintact only active 
Rise of pressure Rise of pressure 
in-mm, Hg.;.- inmm.Hg 
A 
In- 
- Animal Time From To crease Time From To crease 
i Rabbit 5 10.51 78 104 26 10.53 90 124 
Rabbit 7 11.35 57° 
Rabbit 9 11.12 46 
Rabbit 15 


SSNS 
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Fig. 5. Hare 10. Both splanchnic nerves severed. Both aortic nerves and right carotid 
_ sinus nerve severed (only left sinus nerve intact). Stimulation of the left splanchnic 
nerve (coil distance=12). A. Left common carotid closed. B. Left common carotid 
: . C. Left common carotid closed. By unclosing it at a,, shortly after the be- 
of the stimulation, a definite “dip” is uced in the curve which otherwise 

would have risen as in A. 2 minutes’ interval between A and B and ©. - 
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rise of pressure can be so strong that a stimulation ‘of thé splanchnic 
nerve fails to produce any appreciable rise in blood-pressure. ! 


Fig. 6. Dog 18. Left splanchnic severed and stimulated (coil distance=12). Aortic and 
‘sinus nerves intact. A. Both common carotids open. B. Both closed. At 6 both 
carotids opened. Between the A and B, 2 minutes’ interval. Upper curve, Hg mano- 
meter; lower curve, Hiirtle’s membrane tonometer, in each case. 


(6) Upon the form of the curve. If the form recorded by the rise of 
pressure when only the aortic nerves are active (both common carotids 
closed) is compared with another obtained only a few minutes before or 
afterwards when, in addition, both sinus nerves are also active, it is 
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discovered that in the former condition the notch in the curve is usually 
much less pronounced and frequently has entirely disappeared (Figs. 
3B, 4B), this coinciding with the greater steepness of the curve and its 
ascent to a higher level. In the hare, the double hump does not disappear 
but becomes much less obvious (Fig. 4B). Only in the cat the form of 
the curve remains practically unchanged (Figs. 8A, B). 

In the cases in which the stimulation of the splanchnic nerve only 
produced a small rise of pressure as long as the aortic, sinus and vagus 


nerves fully exerted their functions, it was observed that as soon as the 


influence of the sinus nerves was removed, the “step” was but brief 
or unnoticeable (Figs. 6A, B) and followed by the second rise. 


| C. Influence of the sinus nerves alone. 
(a) Upon the height of the curve. To test the action of the carotid 
sinus nerves alone, both aortic nerves were carefully prepared in the 


neck and severed. The result was, as shown by the measurements given 
in Table III, that the height reached by the splanchnic pressure curve 


TastE III, Rise of blood-pressure produced by stimulating the splanchnic nerve when both aortic and carotid sinus 
nerves were intact, when only the sinus nerves were active and when both the aortic and sinus nerves were suppressed. 


Splanchnic nerve Aortic and carotid sinus Carotid sinus nerves Both aortic and carotid 
me 


oe nerves acti only acti sinus nerves suppressed 
stimu- Rise of pressure Rise of pressure Rise of pressure 
lated mm. in mm, Hg in mm. Hg | 
distance In- In- In- 
tioned incm. Time From To crease Time From To crease Time From To crease 
Both R, 1051 7 10 2% 211 410 $388 1116 81 #13 £454 
Both R, 11.12 38646 11.49 6 2% 152 188 
Both Is 938 73 104 31 106 6 106 41 109 78 162 84 
Left Lye 10.12 112 152 40 1044 140 180 4 1040 157 264 107 
left ly, 105 13 18 52 1055 102 187 3 1039 168 215 52 


is greater after section of the aortic nerves than when all the blood- 
pressure regulating nerves were intact. Again, it was observed in some 
experiments in which, prior to severing the aortic nerves, stimulation of 
the splanchnic nerve only produced slight rises of pressure, that im- 
mediately after the nerves were cut more or less conspicuous rises 


followed. By finally clamping both common carotids after the double — 


section of the aortic nerves and again repeating the stimulation a final 
group of measurements was obtained, which, together with those secured 


before, made a comparison possible of the vaso-pressor responses with — 


both aortic and sinus nerves intact, and when aortic and sinus nerves 
had been suppressed, one pair after the other. As will be appreciated 
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from Table III, as the nerves are gradually eliminated the rise of blood- 
pressure becomes greater and greater. 

The greater rises of pressure observed after closing both common | 
carotids are not the result of the vaso-constriction produced by the 
stimulation of the splanchnic nerve acting upon a confined vascular bed. 
Table IV contains measurements of the rises observed after the aortic © 


Taste IV. Rise of blood-pressure produced by stimulating the splanchnic nerve 
| after both carotid sinus and aortic nerves had been severed. 


Splanchnic nerve 
——* a Both carotids opened Both carotids closed 
stimu- Rise of pressure Rise of pressure 
lated in mm. Hg in mm. Hg 
Sec- distance In- In- 
Animal tioned incom. Time From To crease Time From To crease 
Rabbit 9 Both Both, 1223 58 103 45 12 59 108 49 
Rabbit 9 Both Both, 12.28 55 99 #44 = 12.30 55 100 45 
Dog 12 Left L, 13.564 122 176 54 13.56 149 205 56 
Dog 22 = Left lL, 13.19 187 224 37 13.21 185 222 37 


nerves were severed and the carotid sinus nerves eliminated by sectioning 
between ligatures the tissues in the angle between the external and 
internal carotids. It is seen that, under these conditions, closing the 


- common carotids did not ayprectadly alter the height of the splanchnic 


pressure curve. 

If the differences observed after elimination of both aortic nerves 
(Table Il) are compared with those seen after suppression of the two 
sinus nerves (Table III), it is seen quite clearly that of the two pairs © 
of nerves, the sinus nerves are those which exert the more 
important inhibitory effect. This fully corroborates earlier findings 
[E. Koch, 1929c] according to which the reflex vascular action of the 
carotid sinus nerves upon the blood-pressure is greater than the one 
exerted by the aortic nerves. 

(6) Upon the form of the curve. Section of both aortic nerves does 
not appreciably modify the form of the curve as it may be seen in _ 
Figs. 3A and C, 40, 7A and 8B. But if then the functions of the sinus 
nerves are suppressed by closing the two common carotids, as will be 
noticed in the corresponding section of the same figures, then the “dip” 
is more or less eliminated from the curve. 

If the observations reported on the influence of the aortic and sinus 
nerves upon the form of the curve are compared with each other, it is 
clear that the more preeoeast “dip” in the curve is the result 
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of the action of the carotid sinus nerves, which agrees with 
findings from different animals showing that the reflex action of the 


Fig. 7. Dog 12. Left splanchnic nerve severed and stimulated (coil distance=8). Both 
vago-sympathetic trunks sectioned in the neck. Between A and B both common 
carotids closed and 2 minutes, interval. 


carotid sinus nerves upon the blood-pressure is greater than that exerted 
the aortic nerves [Koch, 1929c]. 


D. Influence of a single carotid sinus nerve. — 
(a) Upon the height of the curve. After sectioning both aortic nerves 
and one of the two carotid sinus nerves, it was possible to study the 
- influence exerted by the remaining sinus nerve upon the rise of pressure 
evoked by the stimulation of the splanchnic nerve. Thus, in hare 10, 
with only the left sinus nerve remaining, two identical stimulations of 
the splanchnic nerve (coil distance = 6) gave the following rises of 
pressure: 
At 12. the wan 111 to 182, i.e. 71 mm. Hg. 
At 12.22 when the left carotid was open, from 93 to 127, i.e. 34 mm. Hg. 

These results agree with the well-known observation that, after sup- 
pression of one or more blood-pressure regulating nerves, those which 
remain function more intensely [Hering, 19276; Koch, 19296). 

(6) Upon the form of the curve. Even after double section of the 
aortic nerves and suppression of one of the carotid sinus nerves the 
blood-pressure curve is interrupted by the usual “dip” (Fig. 5B). But, 
if the remaining sinus is put out of action by closing the corresponding 
common carotid, then the “dip” disappears (Fig. 5A). This last result 
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confirms on¢e more the great influence that a single sinus nerve can 
exert upon the rise in blood-pressure. 


E. 


(a) Upon the height of the curve. It was observed that the rise of 
blood-pressure produced by stimulation of the peripheral end of the 
splanchnic nerve, especially~in the dog and hare, more rarely in the 
rabbit and cat, was accompanied by a more or less pronounced slowing 
j of the heart, which, as is well known, is the result of a reflex originating 
in the pressure receptors of the aortic and carotid sinus nerves. In the 
cases reported above, for example, the one seen in Fig. 6A, in which 
almost no rise of pressure followed the stimulation of the splanchnic 
nerve, the profound slowing of rhythm suggests that the cardiac reflexes 

co-operate with the vascular reflexes in reinforcing the “pressure de- 

Ee pressing effect,” -following the stimulation of the: splanchnic nerve. 

Therefore, to examine the part played by the cardiac and vascular re- 

flexes respectively, the effects of the stimulation of the splanchnic nerve 
were also studied after suppressing the cardiac reflex. 

In several experiments mere section of the aortic nerves was sicied 
to suppress it, agreeing with already reported findings [Koch, 1929c] 
which indicate that the aortic nerves are a more important and effective 
path for provoking the reflex than the sinus nerves. In others both 

_ Vagi were severed in the neck. 
Taste V. Rise of blood-pressure produced by stimulating the splanchnic nerve after 
section of the vagi when the carotid sinus nerves were in function, and when they 
were suppressed by closing both common carotids. 


Splanchnic nerve Carotid sinus nerves Carotid sinus nerves 
only active su 
stimu- ise of pressure 
lated in mm. Hg in mm. Hg 


Sec 
tioned 
Rabbit 5 Both 12.47 43 79 36 # 12.48 47 lll 
Rabbit 14 = Left Lis 10.31 906 110 414 103 128 

Left 

Left 

Left 


64 
25 
12 12.32 109 131 22 12.38 169 258 89 
Dos 18 1126 81 136 55 1141 . 94 157 63 

33 


Cat 26 U2 8 9 14 M22 106 137 
From measurements given in Table V (see also Figs. 7, 8A and B) 
| it is clear that after suppression of the two vagi, the quanti- 


tative differences inthe height reached by the blood- -pressure 
curve during stimulation of the peripheral splanchnic nerve 
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remain fundamentally the same, te. they are mainly deter- 
mined by the vascular reflexes, and especially by those which 
originate from the carotid sinus nerves. 

It must be noted that, occasionally, after double section of the vagi 
or atropinization, the rise of pressure in the dog i is still accompanied by 
a slight slowing of the h but this is thought to be due to a 
reflex decrease of tone of the cardiossympathetic nerves. — 

(b) Upon the form of the curve. The form of the curve remains 
essentially unchanged after double section of the vagi (Figs. 
7, 8A, C). That the typical form of the curve is independent of the 
integrity of the vagi has been reported by many other observers 
[Johansson, 1891; Lehndorff, 1908; Vincent and Wright, 1924; 
‘McGuigan and Hyatt, 1919; Elliott, 1912). 


FF. Influence of the suprarenal glands. 

(a) Upon the height of the curve. When both suprarenal glands were 
extirpated at the beginning of the experiment and then the suppression 
of the different nerves carried out, the results in the rabbit, hare and 
dog remained exactly as described above. All measurements given in 
the tables for rabbits 5, 6 and 7 and for cat 26 were secured after 
both suprarenals had been tied off and are indistinguishable from those 
from animals in which the suprarenals had not been touched. The result 
confirms again the older evidence [Houssay, 1920; Gley and Quin- 
quaud, 1913; Tournade and Chabrol, 1921] showing that vaso- 
constrictor and adreno-secretory fibres run independently from each 
other in the splanchnic nerve, although their functions are so intimately 
correlated that they have been considered as forming together a func- 
tional unit (Cannon, 1928]. 

Tn the same manner, when the suprarenal glands were prepared prior 
to the experiment but were not tied off until the aortic and sinus nerves 
had been severed, unless the nerve had been damaged, no appreciable 
change was noticed in the height reached by the rise of pressure. For 
example: 

Rabbit 14. Both splanchnic nerves severed. Similar stimulation of 
the peripheral end of the nn — nerve (coil distance = 12) 
gave: 

At 10.12 when no experimental operation had been made yet, rise from 78 to 93, 
15 mm. Hg. 


At 10.56 after the right adrenal gland had been tied off, from 82 to 96, i.e. 14 mm. Hg. 
At 11.26 after the left adrenal gland had been tied off, from 77 to 94, i.c. 17 mm. Hg. 
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‘Before any experimental operation was carried out: 


CONTROL OF PRESSOR REFLEXES. . 985 


In the cat with the two adrenals intact the observations just described 
are not constantly found, in fact the reverse is more frequently seen. 


_ Out of the five cats used only one conformed (no. 24) during the whole 


experiment with the findings from dogs, hares and rabbits, but in the 
other four the results of the stimulation of the splanchnic nerve were 
frankly of an opposite character, 7.e. smaller rises took place when the 
carotid sinus nerves were out of function and only beeame greater after 
ipsilateral tying off of the suprarenal gland (in two of them) or after 
double section of the aortic nerves (in the other two). 

As an example of the reversed reactions observed (to be compared 
with tables before) the following observation from cat 13 is given 


(0-75 g. urethane per kg. of body weight; left splanchnic nerve severed 


its peripheral end coil distance = 12): 


At 10.39 when both aortic and sinus nerves active 132 168 36 

At 10.43 with only aortic nerves active (carotids closed) 122 149 27 

At 11,22 after double section of the vagi and aortic 102 145 43 
nerves (only sinus nerves free for action) ! 

At 11.27 11.27 when sinus nerves were in addition suppressed 162 192 30 


_ After in addition both external carotids were tied and both 3 
severed: 


sinus nerves | 
At 12.15 with both common carotids 153. 194 41 
At 12.18 with both common carotids } 177 199 22 
After tying off the left suprarenal gland: 
At 12.33 with both carotids o | - 168 196 38 
At 12.36 with both carotids 160 194 34 


(6) Upon the form of the curve. In four rabbits and also in the hares 
in which the two adrenals were tied at the beginning of the experiment, 
the variations observed in the form of the curve when the aortic and 
carotid sinus nerves were sectioned afterwards did not differ appreciably 
from those reported above. 

In the dog the results reported by Gley and Quinquaud [1918] and 
Anrep [1912] are conflicting; while the former investigators, although 
using a method which has been criticized [Cannon, 1919], reported that 
double adrenalectomy does not modify the form of the curve, according 
to the latter after elimination of only the suprarenal of the side stimu- 
lated the typical form of the curve is not seen any more. In the present 
experiments it was not thought necessary to eliminate the suprarenals 
in the dog, because by simple suppressing the aortic and sinus nerves 
the “dip” in the curve disappeared. In this respect the cat deviates 
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still more from the other species. As Figs. 8A to D will show, sup- 
pression of the aortic and carotid sinus nerves, one after the other, did 


Fig. 8. Cat 13. Left splanchnic nerve severed and stimulated (coil distance = 12). Records 
A and B taken after double section of the aortic, vagal and sympathetic nerves in 
the neck. A. Both common carotids opened. B. Both carotids closed at the be- 
ginning of the 2 minutes’ interval between these two records. Records C and D taken 
15 minutes later after both carotid sinus nerves had been severed. Between them 
both common carotids closed at a and 2 minutes’ interval. Records E and F taken 
18 minutes after latter, after tying off the left suprarenal gland. a 
between E and F and 2:5 minutes’ interval. 


not suppress the “ dip,” but as soon as the eee gland of the 
side stimulated’ was tied off, the “dip” entirely disappeared (Figs. 
8E and F). This result agrees with others reported by previous investi- 

1 If each splanchnic can innervate also the suprarenal gland of the other side{Cannon, 
1919] this is not the general rule, as evidenced by this and the other observation reported 


above. Elliott [1912] could not observe any dilatation of the denervated pay by 
stimulation of the ipsilateral ne splanchnic nerve. 
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gators [Elliott, 1912; Pearlman and Vincent, 1919], except those 
from others already referred to [Houssay, 1920; Gley and Quin- 
_— 1921; Vincent and Wright, 1924}. 


| Discussion. 


Evidence has been brought forward which shows that the height and 
form of the pressure curve resulting from stimulation of the splanchnic 
| nerve are modified by reflexes originating in the blood-pressure receptors 

\ in the aortic and carotid sinus walls, and particularly the latter. 

Considering generally the results observed in rabbits, hares and dogs, 
it is seen not only that the changes are of a very uniform character, but 
that if the two variations, namely notch and rise of blood-pressure, are 
considered together for the same animal, they are found to develop 
simultaneously and in the opposite direction, 1.c. the gradual attenua- 
5 tion and final disappearance of the notch in the curve are 
accompanied by the progressive increase in the height 
reached by the curve as the influence of the aortic and 
carotid sinus nerves, especially of the latter, is progres- 
sively suppressed. 

Therefore it can be accepted: 

1. That the typical and pooatant feature in the normal splanchnic 
pressure curve (simple “notch,” “step” or “dip”) is related to the 
| activities of the aortic and carotid sinus nerves. 

Hering [1927c¢] had already predicted that the “dip” is the “result 

of the blood depressing action of the aortic and carotid sinus nerves 

(Blutdruckziigler) which are strongly brought in action by the increasing 

effect of the splanchnic stimulation.’’ The evidence in this paper not 

only confirms his view, but shows in addition that of the vascular re- 

flexes which are evoked during the rise of pressure, those originating in 

_ the carotid sinus are more closely related to the production of the “dip” 
than those originating in the aortic nerves. 

2. That in the normal conditions, the height reached by the 
splanchnic pressure curve is notably reduced, also by the action of the 
aortic and carotid sinus nerves, particularly the latter. 

The older evidence [Bayliss, 1893; Frangois-Frank, 1896; 
Bunch, 1899] and the more recent direct microscopical observations of 
Koch and Nordmann [1928a] show that the splanchnic arterioles and 
capillaries dilate when the aortic nerves are stimulated, or the carotid 

| sinus nerves stimulated by unclamping the carotids, and indicate 
| that the splanchnic vessels participate in these reflexes. Moissejeff 
PH. LXX, 16 
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[1926] reported that the vaso-dilator reflexes were not observed after 
section of both splanchnic nerves, and concluded that the regulation 
was mainly visceral. The part played by the general and visceral areas 
in these reflexes is still undecided. My observations suggest that the 
general areas must play an important part, as no definite difference in 
the height or form of the curve was noted whether one or both splanchnic 
nerves were severed. It would appear, therefore, that the vaso-pressor 
effects produced by a stimulation of the peripheral end of the splanchnic 
nerve cannot be considered as due solely to a vaso-constriction in the 
splanchnic area. The splanchnic pressure curve represents a balance 
between two factors working in the opposite directions: the direct vaso- 
constrictor effect due to the stimulation of the splanchnic nerve and the 
indirect reflex vaso-dilatation! resulting from the rise of pressure. 

. Numerous tracings have been published [Oliver and Schifer, 1895; 
Heymans, 19294; McGuigan and Hyatt, 1919] showing that with 
considerable rises in blood-pressure, produced under conditions funda- 
mentally the same as those here considered, the curves have essentially 
the same features as those described in this: paper. During the pro- 
duction of the curves the inhibitory mechanism was obviously active. 
It would appear, however, that not only considerable rises of pressure 
bring the reflex vaso-dilatation into play, but even minor variations are — 
effective, especially if they occur in the neighbourhood of the normal 
blood-pressure level [Koch, 1929c; Heymans and Bouckaert, 1929]. 
This view is supported by some tracings published by Hey mans [19296] 
which show how the blood-pressure curve of a dog, whose isolated sinus 
is perfused by the circulation of another dog, presents inverted varia- 
tions which correspond. to the vaso-motor and respiratory pressure 
variations in the latter. | 7 

_ The inhibitory action of the carotid sinus reflexes upon the height 


1 The findings of McGuigan and Hyatt [1919], who observed that “after ablation 
of the head or pithing of the brain in the cat the primary fall and secondary rise were 
absent,” as well as those of Vincent and Wright [1924], who concluded that the charac- 
teristic curve is “uncommon in the decapitate animal,” become clarified, In making the 
decapitate preparation “each carotid artery is ligated close posterior to its tyroid branch” 
and the neuraxis severed “about 4 mm, behind the point of the calamus scriptorius” 
(Sherrington, 1919; Liddell and Sherrington, 1929], Such a procedure interrupts 
the reflex channels, thus making the preparation only suitable for studying the part played 
by the suprarenal gland on the height and the form of the curve. The carotids being ligated 
in the same way in the decerebrate preparation, this can only serve the purpose of 
studying the effects mediated by the aortic nerves but not of the reflexes originating in 
the sinus nerves. Again this explains why “the dip does not occur” {Thompson, 1928] 
in the decerebrate preparation. 
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and the form of the splanchnic curve can be readily shown by bringing 
the reflex into play at different moments in the ascent of the curve, 
and exactly the same variations can be produced as in the normal 
animal. 

The results are ‘siedialby lens ot by using a preparation in which 
only one of the two carotid sinuses has been left in relation with its 
nerve. The splanchnic nerve is stimulated when both carotids are closed, 
then shortly after the beginning of the stimulation they are successively 
opened : opening the carotid leading to the denervated sinus has no effect 
on the rise of the curve, but by opening the one leading to the normally 
innervated sinus a typical “dip” is obtained (Fig. 5C). 

Another way of demonstrating the carotid sinus inhibitory reflexes 
is shown in Fig. 9. The splanchnic nerve is stimulated, and both carotids 
suddenly closed at the very beginning or early during the ascent of the 
curve (curves A and B). In both these cases the rise of pressure is almost 
. a8 large as when made with the carotids closed, and no “dip” or only | 
very slight “dip” is seen, because the rise of pressure in the carotid sinus 
has been inappreciable or lasted too short a time to evoke the reflex. 
But if made later, as in curve C, then an obvious “dip” is produced in 
the curve and its height also lessened. | 

Occasionally the relations of the inhibitory reflex effect to the height 
of the rise of pressure from which it originates can be demonstrated by — 
varying the length of the stimulation of the splanchnic nerve. Thus, if 
a series of similar stimulations of progressively increasing duration is 
made at convenient intervals, it is found that with a very short stimu- 
lation (Fig. 10.A), the reflex depressant wave coincides with the fall of | 
the pressure curve and this drops below its initial level. But, as the 
stimulations are lengthened (Figs. 10B to E), then the fall due to the 
reflex vaso-dilatation is counterbalanced, and the curve kept high for 
longer and longer periods of time. 

The features of the splanchnic pressure curve have already been 
artificially reproduced by other means. Anrep [1912] reproduced the 
“step” after ligating the suprarenals (1) by stimulating the splanchnic 
nerve “first with a weak current and then with a strong one”’; (2) by 
“injection of a small dose of adrenaline shortly after the commencement 
of the stimulation.” As these results were observed only after both 
adrenal glands had been tied off, they were considered as proof of the 


relation of the second rise to the secretion of adrenaline. But the con- __ 


clusion would have been legitimate only if the intensity of the stimu- 
lation had been kept constant, as in the ordinary experiment. If the 
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intensity or the frequency of the stimulation are increased (and both 
‘methods used by Anrep consist in increasing the stimulation of the 


Successive stimulations of increasing duration (coil distance = 8). 


nerve (coil distance=5). From A to C at progressively longer intervals after the beginning of the 
stimulation, both carotids are closed at a, a, and ag, respectively. At 6, b, and b, they are reopened. 


Fig. 10. Dog 12. Left sortic-vago-sympathetic trunk severed. Left splanchnic nerve severed. 
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“um 


Fig. 9. Rabbit 5. Both splanchnic and aortic nerves severed. Stimulation of the right splanchnic 


splanchnic vaso-motor endings at a certain moment) even when the 
adrenal glands are intact the steepness of the curve becomes greater, 
as is well known from the work of Johansson [1891]. 

The cat. The results on the cat, reported in this paper, offer an 
explanation as to why in most of the literature on the splanchnic pressure 
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curve, based on experiments on the cat, the “dip” has been mainly 
referred to the suprarenals. As to the mechanism of the action of the 
secreted adrenaline, views have differed. It is supposed that the “dip” 
is produced, either by its general vaso-dilator action in small amounts 
[Cannon and Lyman, 1913; Pearlman and Vincent, 1919] or by a 
direct effect upon the heart, causing a secondary rise [Anrep, 1912; 
Vincent and Wright, 1924]. Some even maintain that it acts in both 
ways (Sherrington, 1919]. It is surprising to discover in some tracings 
in which a period of acceleration of the heart is found at the beginning 
of the secondary rise, how closely these two features in the curve coincide 
in time with the duration of the latent period for the adrenaline secretion, 
which has been estimated at 8-11 seconds [Pearlman and Vincent, 
1919; Stewart, Rogoff and Gibson, 1916; Tournade and Chabrol, 


_ 1921; Cannon and Carrasco-Formiguera, 1922]. But, judging from 


the experiments reported here, as well as from some of the tracings 
illustrating Sherrington’s book [1919], in which this acceleration is 
also absent, it is clear that, as Lehndorff [1908] already has shown, 
the period of acceleration is not as constant as Johansson [1891] 
thought. Its absence, in any case, does not prove either that no adre- 
naline has been secreted, because, even by using the denervated heart — 
which is a very sensitive test organ [Anrep, 1912; Cannon and 


' Carrasco-Formiguera, 1922], minute doses of adrenaline can make 


the heart beat stronger without affecting the rate [Anrep and Daly, 


1925]. 


The anomalies found in the cat become fewer after extirpation of 
the suprarenals. At the moment we can only point out the relation of 
these anomalies to the glands, because the existing data upon the rela- 
tions between the suprarenals and the blood-pressure regulating nerves 
[Heymans, 1929a; Richards and Wood, 1916] do not offer any 
material for further discussion. ae 


CoNncLUSIONS. 

By stimulating the peripheral end of the splanchnic nerves by a 
constant faradic stimulus under similar conditions, first with the two 
sets of aortic and carotid sinus nerves intact and then with these nerves 
partially or totally eliminated, the following results were obtained : 

1. When the aortic and sinus nerves are eliminated the blood- 
pressure curve is considerably higher and simpler in form than when 
both sets of nerves are intact. ‘ 

2. When only the two aortic nerves are active the curve is higher " 
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and its “dip” less pronounced than when in addition the two carotid 
sinus nerves are in action. 

3. When only the two carotid sinus nerves are active the height 
_ reached by the curve is higher than when in addition the aortic nerves 

are in action, but its form is not appreciably modified. | 

4. When a single carotid sinus nerve is left active its effects upon 
the height and form of the splanchnic aac curve are often con- 
siderable. 

5. When both aortic and ne sinus nerves are active, their joint 
inhibitory action can be so strong that a stimulation of the splanchnic — 
nerve may fail to give any appreciable rise of blood-pressure. : 

6. Comparison of the effects observed after elimination of both aortic 
nerves or both carotid sinus nerves alone, shows that the carotid sinus 
nerves exert the more important inhibiting effect upon the height of 
the curve and are the main factors in producing the oe ” in the 
splanchnic pressure curve. 

7. Tying off of both adrenals at the beginning of the experiment or 
after partial or total suppression of the aortic and carotid sinus nerves 
does not modify the results in the rabbit, the hare and the dog. But in 
the cat the “dip” more frequently disappears after the ipsilateral gland 
is tied off. | | 

8. The-two variations, namely, in the height and “dip” in the 
curve develop simultaneously and in contrary sense, %.e. the gradual 
attenuation and final disappearance of the “dip” keeps pace with the 
- gradual increase in the height reached by the curve. Therefore, both 
series of changes are compatible with the view that the curve of the 
rise of blood-pressure produced by stimulation. of the splanchnic nerve 
consists of two superimposed elements, (a) the direct’ vaso-pressor effect 
(vaso-constriction in the splanchnic area), and (6) the indirect vaso- 
depressor effect (aortic and more especially carotid sinus reflexes) evoked 
by the rise of blood-pressure. 


It is a pleasure to express my best thanks to Prof. H. E. Hering 
for the facilities given to me in carrying out this work! in the Institute 
for Normal and Pathological Physiology of the University of Cologne. 
I am indebted also to Prof. E. Koch for his suggestions and assistance 
in the experiments. 


1 A preliminary report by the author has alread been } led iin 
Med, 72, 415 (1930). 
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THE CO, OF THE MIXED VENOUS BLOOD OF MAN. 


By W. F. HAMILTON, M. C. SPRADLIN 
anp H. G. SAAM, Jr. 


DETERMINATION of the cardiac output in man is a procedure beset with 
many difficulties. The method of choice, according to many investigators, 
is an indirect application of the principle of Fick, first proposed by 
Christiansen, Douglas and Haldane [1914], and later developed by 
Henderson and Prince [1917], and put to considerable use by many 
authors in studying the cardiac output under various physiological con- 
ditions. 

The method in brief rests upon three assumptions: 

(1) That the CO, tension of alveolar air is in equilibrium with that 


of the arterial blood. 


(2) That the published CO, dissociation curves are descriptive of 
human blood in general with sufficient accuracy, so that upon knowing 
the difference in CO, tension between the arterial and venous blood, one 
may obtain the difference in CO, content of these two bloods. 

(3) That it is possible by employing one of various procedures to get 
a sample of lung air which is in equilibrium with the mixed venous blood. 

That the CO, tension of a sample of alveolar air, taken at the end of 
expiration, is in equilibrium with arterial blood of normal individuals 
has been shown by Bock and Field [1924]. 

Differences in dissociation curves of different human bloods, and even © 
of the same blood under different physiological conditions when recog- 
nized, necessitate the determination of the CO, dissociation curve for 
each subject and under each condition (Liljestrand and Lindhard, 
1920; Bock, Dill and Talbott, 1928], a laborious and cumbersome 
procedure, and one that through its complications may lead to error. 
Of course, when these errors are not recognized they lead to unknown 
_ errors of various magnitudes. : 

The difficulty that we are particularly concerned with has been out- 
lined in an earlier paper [Hamilton, Moore and Kinsman, 1927] 
from these laboratories, and may be briefly summarized as follows: “The 
difference between the CO, tension of alveolar and re-breathed air in- 
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creases significantly as the re-breathing time increases.” There has been 
offered no statistically valid evidence that the re-breathed air remains at 
a constant tension, as re-breathing time i increases, and therefore no valid 
evidence as to when, if ever, re-breathed air comes into equilibrium with 
the mixed venous blood. 

A theoretical explanation based upon delay of blood in passing through ? 
the lungs, was advanced to account for these facts, but the facts are _ 
in no way dependent upon the acceptability of this one possible explana- 
tion. The facts themselves rest upon a statistical treatment of many 
careful analyses. 

The experiments, referred to above, were performed with the subject 
in the reclining posture. Grollman [1928] maintains that it is impossible 
to get true alveolar samples in this position. For reasons advanced in 
Grollman’s paper, and on account of alterations in such factors as 
venous return, which might affect the rate of blood flow through the 
lungs, and the amount of blood in the lungs, it occurred to us that in the 
standing position one might not meet with the difficulties outlined in the 
earlier paper. 

The apparatus used at first was the same as that described in the 
earlier paper from these laboratories [Ha milton, Moore and Kinsman, 
1927]. Due to an accident to the three-way valve, it was re-designed in 
a more rugged form, less apt to leak and with a very small dead space. 
A # in. brass valve, working on the principle of an ordinary stop-cock, 
was modified by attaching to the large end of the inside cone, a handle, 
and a brass tube to fit a mouthpiece. The cone itself was drilled through 
its axis to the cross bore, one end of which was closed with solder. The 
path of the gas was through the cone and out either side of the valve, 
depending on how it was turned. 

A third opening was cut in the side of the valve, and a piece of ? in. 
brass tubing 1 inch in length was soldered over this opening to connect 
with the rubber tubing. For a similar purpose the regular outlets of the 
valve were turned down in a lathe. The first opening on the valve was 
left open. The middle outlet was attached to the Haldane-Priestley 
tube; and the third was attached to the bag through a long tube. The 
handle, parallel with the opening in the cone, extends downward in use; 
the open tube, hanging downward, does not kink. 

The procedure used throughout the experiments consisted in filling — 
the bag with approximately 2-5 litres of 6 p.c. CO, and 94 p.c. O,. The 
subject, after becoming accustomed to the mouthpiece and breathing 
— for at least 5 minutes, turned the valve to the Haldane tube 
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at the end of a normal expiration and then expired maximally. Im- 
mediately, the valve was turned to the bag opening and the subject 
re-breathed the mixture in the bag for the required number of times, in 
the specified period of time, at the end of which he expired maximally 
and turned to the free opening. Samples of the gas at the proximal ends of 
the tubes were immediately taken with oiled syringes, and were analysed 

in a Haldane-Henderson analyser. This gave us the CO, tensions of 
the alveolar and of the re-breathed air and the a.R. (alveolar re-breathed 
air) tension difference. 

This procedure was repeated six times with a rest of. about 5 minutes 
between each re-breathing period. Samples were taken only after the 
second, third, fourth, fifth and sixth re-breathing periods. Three series 
of these re-breathing periods were carried out, namely, for three re- 
breathings in 9 seconds, five in 15 seconds, and eight in 24 seconds. In 
each case only one series of experiments was performed before renewing 
the gas mixture in the bag. For example, in 1 day’s experimentation, 
we began by filling the bag with the gas mixture and re-breathing three 
- times in 9 seconds, for six periods, taking samples after the second, third, 
fourth, fifth and sixth periods. By the third re-breathing the tension 
had usually become constant. The bag was then refilled and the pro- 
cedure repeated, re-breathing in this case, five times in 15 seconds for 
six periods. The bag was then refilled and ae mixture re-breathed eight 
times in 24 seconds for six periods. 

Two. trained subjects worked at this procedure until the results 

covered several complete series and included 20 to 25 analyses for each | 
re-breathing time. 
_ The results were calculated as follows: The a.R. ‘jevaies differences 
of all the 9-second experiments, done during one day, were averaged 
and the probable error of a single determination calculated [Dunn, 
1929]. Similarly the average a.R. tension differences at the end of 15 and 
24 seconds re-breathing were calculated with the probable errors of 
single determinations. Next the increase in the a.R. tension differences 
between 9 and 15 seconds and between 15 and 24 seconds with their 
probable errors (of a single determination) were calculated. The next 
day’s work was treated in the same way, the following days likewise, 
and so on. The arithmetical averages of these increases in .R. tension 
difference and their probable errors were then secured. 

This procedure holds constant, at their average, all variations which 
are due to physiological differences between the two subjects, or are due 
to a different bodily state of the one subject, from day to day. The 
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probable error as calculated here expresses the unavoidable variation 
of the results, while the subject was in as constant a state as could be 
conveniently arrived at, and ignores such variations as are brought in 
by the fact that the two subjects are functioning, so to speak, from 
different base lines, and the further fact that a single subject, from day 
to. day, shows equally wide physiological variations. The data are now 
arranged in such a fashion as to give the results, and a numerical de- 
scription of their variability, of similar experiments upon an ideal subject 
whose physiological state was equal to the average of our two subjects 
on the various experimental days, and who could maintain that state for 
the period of 15 or 20 hours necessary for all the observations in a group 
with the same constancy as out subjects could maintain their physio- 
logical state for the 2 or 3. hours consumed by a single series of observa- 
tions. 

The probable errors so far used have been based upon those of a single 
observation, and express the scatter which the results of single analyses 
would have in a group taken under similar circumstances. Now a certain 
amount of assurance is added when similar results can be had upon many 
repetitions of the same experiment. This is conventionally expressed by 
dividing the probable error of a single determination by the square root 
of the number of determinations. The result is the probable error of the 

mean. This does not signify that the experimental results are thereby 
- Made more accurate but merely expresses the truth, intuitively recog- 
nized, that many congruent observations carry more weight than a few. 

The average increase in tension differences after re-breathing for 
different lengths of time is plotted in Fig. 1, whose ordinates represent 
the increase over the 9-second value, which is taken as an arbitrary base, 
and whose abscisse represent the duration of the re-breathing period. 
At one end of each of these lines, representing the average increase in 
tension differences in its relation to re-breathing time, is a triangle whose 
apex lies on the line and whose heavy vertical base represents the pro- 
bable error of the mean of the increase calculated as indicated above. 
_ The inoreases in tension difference are certainly significant, since they 
are many times their probable error. 

As seen in the figure, the difference between the tension of alveolar 
and re-breathed air continues to increase with the re-breathing time. 
Thus there is demonstrated no time during which the tension is con- 
stant, and hence no evidence of equilibrium between the re-breathed air 
and the mixed venous blood. 

We next considered the possibility of there being a constant tension 
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of the re-breathed air, for a short period of time when the air had been 
re-breathed about 15 seconds, as was suggested by Bock, Dill and 
Talbott, 1928. Therefore, later in the year, the same procedure was 
carried out with the same subjects, re-breathing four times in 12 
seconds, five times in 15 seconds, and six times in 18 seconds. The results 
of these — are shown in Fig. 1 and Table I. In wae figure the 
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Fig. 1. Increase in CO, tension difference between alveolar and re-breathed air, plotted 
against re-breathing time. I, II, III. Original data, the vertical lines indicating the 
probable error. © Data of Hamilton, Moore and Kinsman [1927]. --- Data 
of Bock, Dill and Talbott sige’ x Data of Israéle and Lamb [1929] re- 
plotted to scale. 


TastE I. Relation between re-breathing time and the increase in CO, tension difference 
between the alveolar and re-breathed air. 


Probable error 
Experimental § Re-breathing time Increase in A.B. of the mean of 
series (sec.) tension difference the increase 

36 0-500 0-022 

b 15, 24 0-570 + 0-028 

2a 12, 15 +0021 

b 15, 18 0-260 +0-018 

3 10, 12 0-237 +0-011 


differences from the 15-second value are drawn arbitrarily from the same 
point as the 15-second value of the first series. 

It is to be noticed that here, too, there is definite evidence that the 
CO, tension increases as re-breathing time increases. There is no reason 
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whatever for believing that the re-breathed air is in equilibrium with a 
constant mixed venous blood. 

Israéls and Lamb [1929] claim that a plateau is always obtained in 
normal resting individuals on re-breathing from 10 to 12 seconds. There- 
fore, we conducted experiments to study the supposed venous values 
determined by re-breathing for 10 and 12 seconds. Our subjects re- 
breathed three times in each re-breathing period, in order to comply 
with the claim of Israéls and Lamb that the use of a different number 
of re-breathings in any given period of time produced variations in the 
values obtained. The fact that this point had already been covered 
(Hamilton, Moore and Kinsman, 1927, bottom of p. 659] was 
apparently overlooked by these authors. | 

The results obtained are shown in Fig. 1 and Table I. In the figure 
the difference from the 12-second value are drawn arbitrarily from the 
same point as the 12-second value of the second series. This work 
certainly indicates the non-existence of any plateau in our — such 


as Israéls and Lamb have described. 


DISCUSSION. 


Bock, Dill and Talbott [1928] have concluded that at rest, and 
during exercise up to a rate of 750 c.c. O, consumption per minute, there 
is a constant CO, tension in re-breathed air between re-breathing times 
of 12 and 16 seconds. Since Israéls and Lamb [1929] have confirmed 
Hamilton, Moore and Kinsman [1927] in their finding that the re- 
breathed air tension does not remain constant during this time, it would 
~ be well to examine the data upon which the opinion that it does remain 
constant is based. Unfortunately these data are unpublished. Three 
experiments are pictured, in which the 0, consumption is less than 
300 ¢.c. and in which the subjects were possibly resting. These are given 
as examples, but are not striking enough to prove, in the presence of 
evidence to the contrary, that in normal resting individuals a tension 
plateau always occurs between 12 and 16 seconds. Their average is 
plotted in dashes (- - -) in our figure. If the plateau is a phenomenon 
of general occurrence, it should be seen in these averages. Instead of 
there being a plateau between 12 and 16 seconds, the curve is as steep 
here as elsewhere. The slope is practically identical with that derived 
from the results of Hamilton, Moore and Kinsman [1927], Fig. 1, 
Q—-—O, and Israéls and Lamb [1929], Fig. 1, x—---—x, and is 
somewhat less than that derived from the experiments reported here. 
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As mentioned above, Israéls and Lamb, while they deny the 
existence of a 12- to 16-second plateau, claim that there is one between 
10 and 12 seconds. The evidence offered in favour of this contention is 
found in Table IV of their paper. It has been averaged and plotted (x) 
in our figure. When subjected to the usual statistical analysis it shows 
that the 12-second values are 0-0276 + 0-017 p.c. CO, higher than the 
10-second values. In other words, in this region the curve slopes upwards 
at the rate of 00138 + 0-008 p.c. CO, per second. The statistical inter- 
pretation of these figures is that, if the experiment of Israéls and Lamb 
were to be repeated a large number of times, the results in their Table IV 
indicate that 50 p.c. of the experiments would show an upward slope 
of between 0-0138 — 0-008 = 0-0058 and 0-0138 + 0-008 = 0-0218 p.c. 
per second, 25 p.c. a steeper slope and 25 p.c. a less steep slope, There is, 
therefore, nothing in the results of Israéls and Lamb which proves the 
existence of a plateau in this region. 

It should be further pointed out that, in discussing the above point, 
_we have calculated the probable error of the mean and not that of a single 
determination. The latter quantity would be 0-0507—three times the 
probable error of the mean of nine determinations. Now Israéls and 
Lamb criticize published results from this laboratory .as “representing 
an improbable degree of accuracy,” and base this criticism upon the 
fact that the standard deviation of a single observation, as calculated by 
them from their own work, is several times greater than the standard 
deviation of the mean of many observations, as published from these 
laboratories! It can easily be shown that the data in question are so 
variable that a single observation carries with it a probable error of such 
_ ‘Magnitude that it cannot be used to point out a plateau of short duration. 
Thus Israéls and Lamb do not think “it reasonable to expect” to find 
the standard deviation of a single determination less than 0-08 p.c. COQ,. 
The curves published from these laboratories indicate that the CO, 
tension increases with re-breathing time at a rate of about 0-03 p.c. CO, 
per second. In order to point out a line that is more nearly horizontal than 
this curve, points bearing the above standard deviation, even if of exactly 


equal height, would have to be 2 V008#+008 _ = 7-54 seoonds apart | 


_[Dunan, 1929.] 

The only inference to be drawn from these last considerations is that 
it would be a very laborious procedure to demonstrate the existence of 
a short plateau. Many determinations would have to be made in order 
to, make sure that the average results are not distorted by the _ 
of random variation. 
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It may well be questioned whether such a task, if successfully com- 
pleted, will remove all of the obstacles in the path toward determining 
the CO, tension of the mixed venous blood. 

The short plateau may not be due to equilibrium with mixed venous 
blood at all. It might be due to the mutual cancellation of two tendencies, 
one operating to raise, the other to lower the CO, tension of the re- 
breathed air. The first can be identified with the CO, diffusing from the 
venous blood coming into the lung. The factors which might at first lower 
the CO, tension of the re-breathed air are the presence of residual air 
in the lungs and the diffusion of CO, into the lung tissues, including the 
arterialized blood stagnating in the alveolar capillaries. 

If we admit that either or both of these last two factors have the 
effect at first of lowering the tension of the re-breathed air, we must also 
admit that the effect will gradually come to an end. At some time it 
must, therefore, be counterbalanced by the diffusion of CO, from the 
venous blood. Since it takes at least 15 seconds [Grollman and 
Marshall, 1928] for the average subject to “wash out” his residual air, 
_ it might be supposed that the above-mentioned two tendencies would 
counterbalance each other, in some subjects, at the end of 10 or 12 
seconds. 

The low tensions after short periods of re-breathing may be due to 
(1) incomplete equilibration between venous lung blood and lung air, 
or to (2) the fact that the lung blood is of lower average tension at the 
beginning of the re-breathing experiments. Even when enough CO, is 
added between re-breathings so as to compensate for dilution of the 
contents of the lung bag mixture by the residual air, the results of the 
shorter re-breathings are lower than those of the longer re-breathings 
{[Hamilton, Moore and Kinsman, 1927]. This rules out the possibility 
that the low values which are correlated with short re-breathing times 
are due entirely to slow diffusion of CO, from the lung blood, and if the 
samples are taken from the enriched bag [Hamilton, Moore and 
Kinsman, 1927, p. 663] instead of from the alveolar tube leading to 
the bag, it rules out the possibility that they are due to incomplete 
washing out of residual air, since the weight of this factor would be to 
leave high the CO, tension in the bag. The only way we are able to explain 
the above finding is to assume that in the early stages of re-breathing 
CO, diffuses into the lung tissue, much of it probably into arterialized 
blood stagnant in the lungs. An attempt has been made (Hamilton, 
Moore and Kinsman, 1927] to get a rough quantitative estimate of the 
amount thus lost; this _—s has been severely criticized [Israéls and 
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Lamb, 1929] on the ground that the residual air cannot be estimated 
more accurately than 100 c.c. and that Christiansen, Douglas and 
Haldane [1914] abandoned the attempt to determine the total amount 
of CO, in the lungs, owing to the impossibility of estimating the amount 
that went into solution and combination in the lung tissues. To claim 
that the figures reported were due to failure to estimate the residual air 
correctly would involve the assumption that the estimate of this figure 
(1000 to 1500 ¢.c.) was at least 1300 c.c. too low, a very improbable 
assumption, whereas to claim that the results are brought about by 
solution and combination of CO, in the lung tissues (including blood 
stagnating there) would be to concede the point which the authors 
[1927] attempted to support. © 


4 


SuMMARY. 


The contention that the CO, tension of re-breathed air is constant 
for various re-breathing times is re-examined in the light of evidence in 
the recent literature and new evidence cited here. 

No valid evidence, from either of these sources, can be found that 
re-breathed air comes to equilibrium with mixed venous blood, and hence 
doubt is left as to the justification for using any of the indirect applica- 
tions of the principle of Fick in determining the output of the human 
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THE SYMPATHETIC INNERVATION OF THE 
STOMACH. 


I. The effect on the stomach of stimulation of the 
thoracic sympathetic trunk. 


By G. L. BROWN, B. A. McSWINEY anv W. J. WADGE. 
(Department of Physiology, Unwwersity of Leeds.) 


THERE is in the literature considerable disagreement as to the effects of 
stimulation of the sympathetic system upon the movements of the 
stomach. Both inhibitor and augmentor effects have been described. 
Veach [1925] attributes the inhibitory effects to vaso-constriction, and 
points out that motor effects can occur if vaso-constriction be absent. 
McCrea and McSwiney [1928], who reviewed the literature, found 
that the response of the organ depended largely upon the pre-existing 
tonic condition, an atonic stomach responding with contraction, and an 
active stomach with relaxation. The present investigation was under- 
taken originally with a view to finding the effect of sympathetic stimu- 
lation on the stomach divided at the incisura into body and antrum. 
This technique was employed by McCrea and McSwiney [1926] when 
studying the effects of vagal stimulation. ee 


METHOD. 

Preliminary experiments showed that anesthetics had a profound 
influence upon the effects of sympathetic stimulation, and that motor or 
inhibitor responses could be obtained according to the anesthetic em- 
ployed. The details of the effects of anewsthetics will be published later. 
Spinal or decerebrate cats and dogs were therefore used throughout. 
The rabbit, in view of its peculiar gastric structure and function, was 
not considered suitable. 

Cats were anesthetized with ether, tracheotomized, and the common 
carotids ligated. The cord was divided between the atlas and the axis, 
and the brain destroyed with a probe. Artificial ventilation was given 
by means of a Starling pump. These operations were performed as 
expeditiously as possible, and the animals were left at rest for half an 
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hour to one hour to ensure removal of the anesthetic and to allow of 
some recovery from shock. The blood-pressure was recorded from the 
right carotid artery, and registered in the majority of animals between 
100 and 120 mm. Hg at the commencement of the abdominal operations. 
The abdomen was opened, and the stomach was divided completely at 
the incisura angularis. The duodenum was ligated immediately distal to 
the pyloric sphincter, and a wide-bore glass tube was secured by a purse- 
string suture in the proximal end of the pyloric antrum. The distal end 
of the body of the stomach was closed with a Czerny-Lembert suture, 
and a tube passed into it through a cervical esophagotomy. The move- 
ments were recorded by attaching the tubes from the two portions of 
the stomach to manometers and filling the whole system with saline. 
In the majority of experiments the abdomen was held open and filled 
with Ringer-Locke solution. The thoracic sympathetic was exposed by 
removal of three to four ribs on the right or left side and dissected out 
to within 1 cm. of the diaphragm. The chain was cut and its distal end 
secured. These manipulations produced a fall of blood-pressure, but in 
most animals the pressure was not below 80mm. after opening the 
thorax. Platinum electrodes in a vulcanite shield were used for stimu- 
lation. A calibrated induction coil with a known amperage in the — 
primary was used, and the frequency of stimulation was varied from 
1 per 2 seconds up to 65 per second by means of a metronome, the 
Lewis contact breaker or the vibrating hammer of the induction coil. 

Dogs. Both spinal and decerebrate dogs were used. The preparation 
of the spinal dogs was carried out in the same way as the cats. The 
decerebrate dogs were prepared by trephining the skull and severing the 
brain stem in the region of the corpora quadrigemina. The other operative 
procedures were as described for cats. 

All animals were deprived of food for 12 hours before the experiment. 


RESULTS. 


(a) Cats. Stimulation of the sympathetic chain caused either re- 
laxation or contraction of the body of the stomach of the cat, according 
to the type of stimulation employed. 

Inhibition of the movements and tonus of the body of the stomach 
was the invariable result of stimulation at a frequency of between 10 
and 60 per second with induction shocks of such a strength as to be 
distinctly painful when applied to the tongue (Figs. 16 and 2a). The 
gastric inhibition was synchronous with a rise in blood-pressure. | 

- Contraction of the body of the stomach, on the other hand, resulted 
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Fig. 1. 8 cat. Consecutive stimulations of right sympathetic. 
(A) At 2 per sec. Coil distance, 10 cm. (B) ik Ab abe pid, 4 il 10 cm. 
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when the chain was stimulated at a frequency of 2 per second or less 
with stronger induction shocks (Fig. 1A). The motor response to this 


type of stimulation was observed in 75 p.c. 
of the animals. It is unusual for motor effects 
to occur in the presence of a rise of blood- 
pressure of more than 60 mm., and the most 
striking effects were observed when the blood- 
pressure was little affected. Occasionally con- 
traction followed stimulation with very weak 
tetanizing currents which produced inhibition 
when they were increased in intensity (Fig. 2). 
Incidentally, it may be noted that traction on 
the nerve was one of the most effective means 
of producing a contraction of the stomach. 
Motor responses were, as a rule, more easily 
obtained towards the end of an experiment, 
when the excitability of the nerve was be- 
ginning to decrease. 

The behaviour of the pyloric antrum was 
quite different from that of the body of the 
stomach. Stimulation at any frequency oF 
strength brought about inhibition of rhyth- 
mic movements, the tonus remaining un- 
changed (Figs. 1 and 2). An augmentation 
or acceleration of movements was never 
observed. It is to be emphasized that the 
response of the antrum was independent of 
the response of the body, inhibition of the 
antrum occurring when the body showed 
either no effect, relaxation or contraction. 


(6) Dogs. The results from spinal dogs] 


were definitely at variance with the results 
from cats. Sympathetic stimulation at any 
strength or frequency caused a rise of blood- 
pressure, inhibition of movement of the 
antrum and marked contraction of the 
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body of the stomach (Fig. 3). The blood-pressure in these animals was 
low, and the body of the stomach inactive. Accordingly, it was decided 
to use decerebrate animals. The results with decerebrate dogs were in 


close accordance with those obtained from cats. Stimulation at a rate 
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of 1 per second or weak faradization caused contraction of the body of 
the stomach, and stimulation at a greater frequency with a moderately 
strong current brought about inhibition (Fig. 4). In the majority of 
experiments the movements of the antrum were inhibited by all forms of 


‘Fig. 4. Decerebrate dog. Stimulation of right sympathetic. At 45 per sec. 
Coil 10cm. Followed by stimulation at 1 per sec. Coil 5 cm. 


stimulation, but occasionally with the low frequency stimulation there 
occurred a definite augmentation and acceleration of its movements 
(Fig. 4). It must be emphasized that motor effects in the dog were 
greater and were produced much more readily than in the cat, and 
that the inhibitory effect on the dog’s antrum was much less than in 
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the cat. Section of the vagi in the decerebrate dogs did not alter the 
type of response obtained. 


Action of ergotowine. 
The motor effects of sympathetic stimulation were largely abolished 
by injection of ergotoxine in doses of 0-03 mg. per kg. body weight, 
relaxation or a very weak contraction taking place with all _— of 
stimulation. 
Action of adrenaline. 


Injection of adrenaline (P. D. and Co.) into the femoral vein in doses 
varying from 0-0001 mg. to 0-1 mg. always produced in the cat and dog 
— of both body and antrum. Motor effects were not obtained. 


Removal of the adrenals. 

In a number of animals the adrenals were removed by a lumbar 
approach after decapitation. This procedure did not in any way affect 
the response of the stomach, inhibition being elicited as readily as usual. 
Adrenalectomy, on the other hand, did not appear to facilitate the 
occurrence of motor responses. 

In both cats and dogs a number of experiments was performed with 
the stomach undivided. The responses to stimulation were identical 
with those of the body of the stomach, any different behaviour of the 
antrum being masked. 

Discusston. 


These experiments appear to us to show: 

(a) that the pyloric antrum retains its sympathetic innervation atter 
complete severance from the rest of the stomach; 

(6) that there exist in the sympathetic chain fibres conveying in- 
hibitory impulses to the stomach as a whole; 

(c) that motor fibres to the body of the stomach are also present. 
No sympathetic motor fibres supply the pyloric antrum of the cat, but 
there is some evidence of motor fibres to the antrum of the dog. 

The results we obtained from the cat are in close accordance with 
those obtained by Veach [1925], but his contention that inhibition of 
the stomach is only the result of vaso-constriction does not appear to us 
_ to be valid. There is in the cat a close correspondence between the degree 

of rise of blood-pressure and the degree of relaxation of the stomach. 
This does not, however, hold good with the dog: powerful motor effects 
can occur when the rise of blood-pressure is almost as great as when 
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inhibitor effects occurred (Fig. 3). After ergotoxine, inhibitor responses 
are observed when there is little or no vaso-constriction. Inhibition of 


entered the circulation. In the present experiments motor effects were 
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movement of the pyloric antrum is independent of a rise of blood- 
pressure, and takes place when motor responses are observed in the 
body of the stomach. Moreover, McCrea and MacDonald [1928] 
point out that the inhibitory effect of adrenaline on the stomach is well 
shown in doses which produce a fall in blood-pressure, whereas the motor 
effect is most frequently obtained with large doses when there is a very 
great rise of blood-pressure. McCrea and McSwiney [1928] have 
shown that splanchnic stimulation can cause contraction of the stomach 
during compression of the thoracic aorta. In our opinion, the different 
forms of stimulation pick out fibres of different excitability, and the 
correspondence between vaso-constriction and inhibition of the stomac 
is due to the vaso-constrictor and gastro-inhibitor fibres possessing 
approximately the same excitability. 

The question of the relationship between the state of activity of the 
stomach and its response to sympathetic stimulation is difficult. McCrea 
and McSwiney [1928] found that motor effects predominated in both 
cat and dog when the stomach was inactive, and especially after the 
use of ether as an anesthetic. Veach [1925] obtained motor effects 
with adrenaline in cats only after urethane anesthesia, when the stomach | 
was atonic, and on splanchnic stimulation after sodium carbonate had 


sometimes small and difficult to obtain in the cat even when the stomach — 
was inactive, and it seems probable that the predominance of motor 
effects observed by McCrea and McSwiney was due to the effect of 
the anesthetic upon the peripheral neuro-muscular mechanism. The 
results we have obtained from the dog point clearly to the existence of 
a relation between the condition of activity of the stomach and the 
direction of its response to sympathetic stimulation. In the spinal dogs, 
in which the circulation was impaired and the stomach flaccid, only 
motor reactions were elicited from the body of the stomach, whereas in 
the decerebrate preparations in which circulatory conditions were better 
and the stomach more active, both motor and inhibitor responses were — 
obtained readily. It would appear that the stomach which responds to 
sympathetic stimulation of any form with contraction only cannpt be 
regarded as normal. 

It would appear, therefore, that the body of the stomach receives 
motor and inhibitor fibres from the sympathetic chain which can be 
influenced to a greater or lesser degree by the varying types of stimula- 
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tion. The tonic condition of the stomach influences the results, inasmuch 
as a flaccid organ whose function is impaired responds only by con- 
tracting to any form of stimulation of its sympathetic supply. It must 
be made clear that there seems’to be no relationship between the state 
of activity controlling the response to vagal stimulation and the direction 
of response to sympathetic stimulation. In a stomach which contracts 
with the vagus, both motor and inhibitor sympathetic responses can be 
elicited by suitable stimulation. 

We would hesitate to attribute the results of these experiments to 
anything in the nature of a Wedensky inhibition phenomenon. Inhibi- 
tion can be obtained with relatively low frequencies of nerve stimulation, 
and contraction can result from intense high frequency stimulation. No 

- attempt has been made to work out the exact strengths and frequencies 
required to produce each effect, since the excitability of the nerves differs 
so much from animal to animal and in the same animal during one 
experiment. 

The sympathetic innervation of the cat’s pyloric antrum appears to 
be purely inhibitory. Motor responses are observed in the dog’s antrum, 
but they are not frequent. It is possible that motor fibres running to the 
antrum are severed by the transverse section of the stomach. 


SuMMARY. 


In spinal and decerebrate cats and dogs the stomach was divided at 
the incisura, and records were made of the effects of stimulation of the 
thoracic sympathetic trunk upon the movements of the stomach. The 
effects on the stomach depended on the type of stimulation employed. 
Stimulation at a frequency of 1 per second caused contraction of the 
body of the stomach, while stimulation with a tetanizing current brought 
about relaxation. The movements of the cat’s pyloric antrum were in- 
hibited by all forms of stimulation. The antrum of the dog, although 
usually inhibited, occasionally showed an augmentor response to sym- 
pathetic stimulation. The motor responses were abolished by ergotoxine. 
Adrenaline did not reproduce the effects of sympathetic stimulation, an 
inhibition of both parts of the stomach being the invariable result of 
injection of the drug. 
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LACTIC ACID FORMATION AND REMOVAL WITH 
CHANGE OF BLOOD REACTION. 


By M. GRACE EGGLETON! ann C. LOVATT EVANS. 


_ (From the Department of Physiology and Biochemistry, 
University College, London.) 


» Ir is well known that the rate of lactic acid formation in surviving 
muscle is accelerated when the. muscle is placed in fluids of alkaline 
reaction, and retarded by acids. It is also known that the lactic acid 
content of the blood is influenced, among other things, by the H-ion 
concentration of the blood itself. Thus Macleod and Knapp [1918] — 
showed that after administration of alkali the blood lactic acid was in- 
{ creased. Anrep and Cannan [1923] demonstrated that the lactic acid 
: content of the blood circulating in the heart-lung preparation could be 
caused to rise and fall with the pH of the circulating blood. 

In the case of the blood alone, it is generally admitted that a lowering 
of H-ion concentration, as by the addition of alkali, or by the withdrawal 
of CO,, leads to an increased rate of glycolysis with accelerated lactic 

acid formation [Lovatt Evans, 1922]. 

> It would seem, therefore, from these facts that the production of lactic 
acid in the blood itself, and perhaps in the tissues generally, is accelerated 
by an increase in alkalinity, while the reverse change can also be effected 
by certain tissues when the alkalinity is reduced. So far as the blood 
itself is concerned, a reduction of alkalinity has apparently no other 
effect than to retard the rate of glycolysis, and cannot lead to a reversal 
° of the process with disappearance of lactic acid already formed. 

In the course of some experiments in which we were engaged, it 
became necessary to know whether these changes in the lactic acid 
content of the blood, consequent on its changes in H-ion concentration, 
could also be effected by other tissues, particularly by the muscles. That 
mammalian muscle can remove lactic acid from the blood was shown 
1 by Bornstein and Schmutziler [1929], though they did not take into 
consideration the factor with which we are now concerned. 


1 Assisted by a part time research grant from the Medical Research Council. 
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MeErnops. 
Some of the experiments were carried out on heart-lung preparations, one on the isolated 
perfused lung, and the remainder on isolated hind legs, perfused with oxygenated de- 


fibrinated blood at 37° C. by the Dale-Schuster pump [1928]. All the experiments were _ 
_ performed on the tissues of dogs, The leg preparation was perfused from the abdominal 


aorta, at pressures of 80-120 mm. Hg, the venous blood draining out from the inferior 
vena cava into a funnel leading into the venous reservoir. The samples taken for analysis 
were drawn from the venous reservoir. Lactic acid was estimated by the Friedemann- 
Cotonio-Shaffer modification [1927] of the Clausen method [1922], and the blood 
sugar by Hagedorn and Jensen’s method [1923]. The limb preparation was kept warm 
by an electric bowl radiator placed at a suitable distance, and the exposed tissues of the 
lumbar region and pelvis were kept from drying by being covered with oiled silk. Aeration 
of the circulating blood was performed by passage of the venous blood by means of one 
of the Dale-Schuster pumps through an isolated dog’s lung ventilated with a Starling 
“ Ideal” respiration pump. The lungs were connected with the pump by way of a Palmer- 
Brodie air heater and a warm water vessel for moistening the air. The pump at “full” 
stroke delivered about 225 o.c. of air into the lungs per stroke and about 120 c.c. at “half” 
stroke, The reaction of the blood was altered by varying the extent of the pulmonary 
ventilation with air, by ventilation with mixtures of CO, and air or O, in varying propor- 
tions, or by addition of suitable amounts of dilute hydrochloric acid or sodium bicarbonate 
to the circulating blood. 

As a check on these procedures the plasma bicarbonate was estimated in some of the 
experiments by van Slyke’s method: in others the H-ion concentration of the blood was 
obtained by the dialysis method of Dale and Evans. 


So far as the experiments with the heart-lung preparation are con- 
cerned, it is only necessary here to state that we were able fully to confirm 
the results previously obtained by Anrep and Cannan. 

The experiment with isolated lungs further showed clearly that the 
lungs alone, even in the presence of a considerable concentration of CO,, 
were not competent to reverse, or even completely to check, the accumula- 
tion of lactic acid, presumably due to glycolysis in the blood. In this 
experiment the initial lactic acid concentration in the blood was 78-5 mg. 
per 100 c.c., and after 40 min. ventilation of the lungs with air this had 
risen to 113 mg. per 100 ¢.c. The air was then replaced by O, containing 
10 p.c. CO,, and a further increase to 134 mg. per 100 c.c. was observed 
after a further 70 minutes of perfusion. 

Perfusions of hind-limb-lung preparations, however, showed that 
these behaved in very much the same way as the heart-lung preparation, 
the lactic acid rising and falling with the pH of the blood. The experi- 
ment illustrated in Fig. 1 shows the changes which accompanied the 
administration during alternate periods of air and of a CO,-rich mixture 
(18 p.c. CO,: 47 p.c. O,). 
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, The preparation consisted of the hind limbs of a 10 kg. dog, with about 
500 c.c. of 
blood in the circuit at the commencement of the experiment. The blood flow was about 
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Minutes 
<-18 p.c. OO, : 47 p.c. —-X—air—X—18 p.c. CO, : 47 p.c. O,—X—air> 
‘Fig. 1. Lactic acid, glucose, and plasma CO, contents of blood perfused through lung-limb 
preparation of dog. The lungs were ventilated with the following gas mixtures: 
0—70 minutes with 18 p.c. 00, +47 p.c. O, 
8 70—138 ,, » «air 
138—180 _ ,, » 18p.c. CO, +47 p.c. O, 
d 180—240 ” ” air 
d 


110 ¢.c. per minute, the venous blood being moderately de-oxygenated in appearance. 
“ Pituitrin” (0-5 unit) was added in two portions, one an hour and one 40 minutes before 
the observations were begun, in order to maintain vascular tone, and adrenaline | : 10,000 
solution was also added in small amounts (3 c.c. in all) during the last 1} hours of the 


ogee: experiment for the same reason, the blood-pressure on the arterial side being kept above 
l, 90 mm. In view of the results of Cori and Cori [1929] it may be that the rapid rise of 
i- lactic acid in the fourth hour of the experiment was to be attributed in part to the presence 
. of adrenaline in the circulating blood. 

In other experiments without addition of “pituitrin” or adrenaline similar results were 
re 


obtained, so that we do not think that the somewhat complicated procedure described 
above had materially affected the results. 
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We have found in most of these experiments that, whereas it is 
relatively easy, by adding CO, to the air given, or by appropriately 
~ reducing the ventilation, to cause a decrease in the lactic acid concentra- 
tion of the blood (see Fig. 2), it is less easy by over-ventilating the lungs 
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Lactic acid of arterial blood, mg. per 100 c.c. 
° 
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Fig. 2. Fall in blood lactate accelerated by reduction of ventilation, in lung-limb 
preparation of dog, and converted to slow increase by over-ventilation. 


to cause the lactic acid to rise. For example, a respiration rate of 36 per 
min. at full stroke was needed in the experiment illustrated in Fig. 1 
to give the observed rise in lactic acid content of the blood, whereas, 
in Fig. 2, a respiration rate of 18 per min. at half stroke (= about 2:2 |. 
per min.) led to a rapid fall in lactic acid concentration in the blood, 
which was only checked when the respiration rate was increased to 
44 per min. at full stroke (= about 101. per min.). It may be because 
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the active tissue available in this preparation is so much greater than 
that in the heart-lung preparation, that it is less readily over-ventilated 
and becomes far less acapnic than a heart-lung preparation tends to 
become. 

It has been suggested by Kilborn [1928] that the high r.g. of the 
decapitated eviscerated cat is due to a washing out of CO, from the 
blood, owing to a relative over-ventilation, together with (and possibly 
producing) an increase in the lactic acid content of the blood. It would 
appear from his experiments to be easier to remove CO, from the blood 
than was the case in our own experiments. We think that this may 
possibly be explained by the relatively smaller blood flow through the 
muscles in our experiments. It is clear that the smaller the blood flow 
through the muscles relative to the ventilation, the greater will be the 
difference between the CO, pressures in the arterial and venous bloods, 
and it is evident that beyond a certain point, an increase in the extent 
of ventilation will produce little if any further effect on the composition 
of the venous blood. In Kilborn’s experiments, on the other hand, 
we may presume that the circulation rate through both muscles and lungs 
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would be largely increased after evisceration, with the consequence that, 
unless the ventilation previous to evisceration had been minimal, there 
would be a much more rapid rate of transference of CO, away from the 
muscles, which indeed his experiments show to be the case. It should 
be noted that our analyses have been made on the venous blood returning 
from the muscles, and not on the arterial blood, since we think that the 
composition of the venous blood gives the clearer indication of the con- 
ditions in the muscle. 

The necessity for avoidance of over-ventilation in artificial, or even 
natural respiration, in experiments in which changes in the lactate con- 
tent of the blood are being followed is illustrated by the experiment 
shown in Fig. 3. The changes in lactate concentration in the blood 
during recovery from fatigue were being followed in a decerebrate dog 
breathing naturally. The temperature of the animal accidentally rose to 
41°C., and for this or some undiscovered reason there was prolonged 
and vigorous panting. The very large change in the lactate concentration 
of the blood entirely masked the changes we were endeavouring to follow. 

In some experiments we have tried altering the reaction of the blood 
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{by addition of sodium bicarbonate or hydrochloric acid. The results 
were essentially similar (Fig. 4), increase of pH by addition of sodium 
| bicarbonate causing an increase, and decrease of pH by addition of HCl 
a decrease in the lactic acid content. Since the increase in the pH of 
| the blood by over-ventilation leads, by a Hamburger interchange, to 
\ ~\a fall of plasma bicarbonate and vice versa, the effect, as regards plasma 
bicarbonate, of altering the blood reaction by addition of bicarbonate 
or HCl is the reverse of that produced by over- or under-ventilation. 

The results of these experiments on the addition of acid or alkali 
therefore indicate that, so far as the effects on the tissues themselves are’ 
| | concerned, the important factor is not the bicarbonate concentration but 
| the H-ion concentration, or what amounts to the same thing, the acid- 
base ratio. 
| As regards the origin of the lactic acid Which i is 5 ocnied and its fate 
| when it disappears, there are several possibilities. In the first place, it 
: is evident that some at all events of the lactate may be derived from the 
| blood sugar, since it is known that blood sugar disappears and lactic 
| | acid takes its place when carbon dioxide is pumped off from the blood. 

; In the present series of experiments also, we find that when blood is 
passed through a well-ventilated lung, lactic acid makes its appearance. 
Another of the lactic acid would be muscle glycogen. That some 
at dayton tthe lactic acid of the blood comes from this source is clear 
from experiments such as that illustrated in Fig. 1 which shows that 
lactic acid may make its appearance abundantly in the blood without 
appreciable change in the blood sugar level, as happened in the fourth 

hour of that experiment. 
There are three possible ways in which the lactic acid which disappears 
from the blood may be disposed of: firstly, by combustion in the muscles ; 
secondly, by glycogen synthesis in the muscles, and thirdly, by distribu- 
tion and ultimate disposal in one or both ways in other tissues of the 
body, ¢.g. in this case in bone and skin. 

Since there is no reason to suppose that the method of disposal of 
this lactic acid differs essentially from that produced in muscular exer- 
cise, we do not propose further to discuss its fate here, but merely con- 

_ clude that the results of these experiments indicate that, under these 
conditions, mammalian muscular tissue can directly utilize lactic acid 
and remove it from the blood. 

It is quite conceivable that other tissues than skeletal or heart muscle — 
can produce or remove-lactic acid in this way. In fact there is some 
attraction in regarding such formation and removal of lactic acid as 
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having some teleological significance by participating, as it must do, in 
the regulation of the H-ion concentration of the tissues themselves. 


CoNCLUSIONS. 


1. The lactic acid content of the blood used to perfuse isolated mam- 
malian muscle is increased by reduction of the hydrogen ion concentra- 
tion. On increase of H-ion concentration, the lactic acid falls again, if 
the blood is perfused through muscle (properly oxygenated), but not if 
perfused through lung alone. 

2. It is presumed that the lactic acid removed by the muscles is 
dealt with in the same manner as that removed after exercise. 

3. The itaportance of avoiding over-ventilation in experiments in 
which variations in the lactic acid content of the blood are being studied 
is emphasized. 

The cost of the experiments has been in part defrayed out of a grant by the Govern- 
ment Grants Committee of the Royal Society to M. G. E. 
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THE LACTIC ACID CONTENT OF THE BLOOD AFTER 
MUSCULAR CONTRACTION UNDER 
CONDITIONS. 


‘By M. GRACE EGGLETON! anp C. LOVATT EVANS. 


(From the Department of Physiology and Biochemistry, 
University College, London.) 


InvesTIGaTIons into the chemical changes connected with muscular 
contraction have been mainly carried out on the muscles of cold-blooded 
animals. The theories constructed from the results of these researches 
have been usefully employed in application to the much more difficult 
problems which concern the changes associated with muscular con- 
traction in mammals. However fundamental these results may be, we 
cannot reasonably expect that the changes which occur in isolated cold- 
blooded muscles in strange environments can be transferred without any 
modifications to the consideration of intact, innervated warm-blooded 
muscles, provided with a circulation, and forming part of a complex 
_ The study of the changes in muscular contraction in warm-blooded 
animals is evidently well worth while, and should be undertaken by 
methods as direct as the complicated conditions will allow. But in most 
cases, and especially in the case of muscular exercise in man, in which 
it has been principally pursued, and in which it has particular interest, 
the study must necessarily be undertaken by somewhat indirect methods. 
_ Among these indirect methods is that involving the estimation of 
lactic acid in the blood as an index of its concentration in the tissues, 
including the active or recovering muscles. 
In their investigations on this subject Hill and his collaborators 
[1924] drew blood from a superficial arm vein usually not less than 10 
minutes after the completion of exercise, and an essential point in their 
argument was the following assumption: “Diffusion of lactate ions is 
free in either direction. It does not follow that the concentrations in 
blood and muscle are equal, except on those occasions when they are 


1 Assisted by a part-time research grant from the Medical Research Council. 
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stationary or changing only slowly, or at a maximum value” [1924, 
p- 441). 


Though it would be difficult in human experiments to obtain any 


nearer approximation than that obtained in this or similar researches, it 
seemed to us desirable directly to investigate this and other related points 
by carrying out observations on mammals under experimental laboratory 
conditions. 

Among the questions which we have considered are the following: 

1. To what extent does the lactic acid content of the venous blood 
from a superficial vein, which, as in some of the veis of the ante-cubital 
fossa in man, drains mainly superficial areas, represent that of the general 


arterial circulation? According to Barr and’ Himwich [1923], the 


differences in carbon dioxide capacity between arterial and superficial 
vein blood, which differences they attribute principally to differences 
in the lactic acid content, are so great that no conclusions from one can 
be transferred to the other. : 

2. When lactic acid is produced in the muscles, do these muscles, 
and also the other tissues of the body, come into diffusion equilibrium 
with the blood (arterial or venous) as regards their lactate content, and if 
so, how soon? | 
3. Which tissues are concerned in removing from the blood the 
lactic acid which enters it as a result of exercise? _ 

4. To what extent, in experiments carried. out under these con- 
ditions, can the physiological effects of the stimulation of muscles be 
regarded as comparable with those of exercise in the intact and conscious 
animal? For example, if anesthesia is induced by amytal, are the con- 
ditions as regards the production and disposal of lactic acid in any way 
modified? Or if, on the other hand, decerebrate animals are employed, 
to what extent are the biochemical changes in muscle influenced by the 
preliminary administration of a general anesthetic, or by any disturb- 
ances in the local conditions of circulation, muscular tonus, etc., con- 
sequent upon decerebration ? | 


| METHODS. 


The experiments were performed on dogs and cats, mostly the former. In the earlier 


experiments decerebration was believed not to be satisfactory, because the respiratory 
ventilation after the exercise did not always show sufficient augmentation to keep the 
blood properly arterialized. Further, the application of artificial respiration to decerebrate 
or spinal animals was out of the question, since, as shown in the previous paper, it is 
impossible entirely to exclude alterations of the lactic acid in either direction consequent 
upon inadequate adjustment of the ventilation. For many of the experiments, therefore, 
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we decided to use amytal, which enabled the animal to adjust ite breathing naturally. 
When smytal was given intraperitoneally in doses of 0-07 g. per kg., definite hyperpnasa 
acoompenied extensive muscular contraction and persisted for some while afterwards. _ 
_ In later experiments, however, Schmidt's method of decerebration [1923] was used 
with success: little or no hemorrhage occurs normally with this method, and the brain 
substance can be divided so far forward that no rigidity occurs. Respiration is never 
suspended, and the animal responds to exercise by well-marked hyperpnes. 

As we wished to have widespread muscular activity in most of our experiments, and 
found that stimulation of nerve trunks or of the spinal cord was not satisfactory, we had 
recourse to more generalized stimulation by the application of electrodes to the skin, 
previously moistened with salt solution. For example, if two electrodes in parallel were 
placed on the pads of the fore-paws and the other two on the hind-paw pads, very good _ 
contractions of most of the muscles could be obtained, though there was a liability for 
certain muscular groups to be missed out. We found it better to insert a metal plate (about 
5 cm. square) actually under the skin in the “lower” cervical region or in the “upper” 
lumbar region, connected with one terminal of the secondary coil, and to grip the tail, 
moistened with salt solution, by a clip electrode several sq. cm. in area connected to the 
other terminal. The results indicated that, under these circumstances, much of the current 
was conducted down the spinal cord and the great nerve plexuses, as the contractions 
in both limbs and trunk were very generalized. With the “upper” electrode in the lumbar 
region the movements of the chest were not interfered with during short tetani; when 
the “upper” electrode was at the lower cervical level, the diaphragm usually still con- 
tracted normally, though the intercostal muscles and general trunk muscles were tetanized. 
Stimulation was sometimes by means of single twitches at 60 to 80 per min., but more 
often by short tetani, about } to 2 sec. or even up to 10 sec., with 0-5 to 5 sec. intervals. 
The stimuli for tetani were given at the rate of 50 break shocks per sec. by a Palmer in- 
ductorium, 2 volts in primary, and with the secondary coil usually at about 5 cm. 

Samples of arterial blood were drawn from the carotid artery. Where venous blood was 
required the sample was drawn from a collateral branch of the vein, thus avoiding inter- 
ference with the blood flow in the main channel. All blood samples were treated with 
approximately 0-2 p.c. of their weight of a 9 : 1 mixture of solid potassium oxalate and 
sodium fluoride. Blood sugar was estimated by the Hagedorn-Jensen method [1923]. 
For the lactic acid estimation about 2 c.c. of blood was measured, or preferably an equal 
amount weighed, laked with about 8 times its volume of water, and 40 p.c. trichloracetic 
acid added in quantity sufficient to bring its concentration up to 4 p.c. After filtering off 
the precipitated proteins, and removing sugar from the filtrate by the van Slyke copper- 
lime method, the lactic acid was estimated by the Friedemann-Cotonio-Shaffer 
modification of Clausen’s method [1927]. The results were calculated on the basis of 
our observed recovery factor of 97 p.c. 

Muscle which was to be sampled for analysis was dissected free without interfering with 
ite blood supply, and two stout ligatures passed under it: these were then tied simul- 
taneously and the intervening piece of muscle (usually 1 to 2g.) cut out and at once dropped 
into, and held under, liquid air until it was frozen solid. The time taken in thus excising and 
freezing the muscle was only a matter of seconds. For lactic acid estimations, the frozen 
musele (1 to 2 g.) was later weighed into a weighing bottle containing 5 to 10 c.c. of 4 p.c. 
trichloracetio acid and-then rapidly transferred with the acid to a mortar in which it was 
ground up with the aid of sand (acid washed). Details of the further procedures were as for 
blood. | 


For glycogen estimations, the frozen muscle (0-5 to 2 g.) was weighed into a pyrex test 
tube containing 1 to 2.¢.c. of 60 p.c. potash. The tube was plunged into boiling water bath 
18—2 
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and shaken at intervals until complete disintegration had been effected. After 3 hours, 
the tube and contents were cooled, neutralized with glacial acetic acid, and filtered. To an 
aliquot part of the filtrate absolute alcohol was added to make 60 p.c. and the precipitate. 
centrifuged off, stirred with a little absolute alcohol and re-centrifuged. It was then dis- 
solved in 5 c.c. of 2-2 p.c. HCl, heated in the boiling water bath for 4 hours, cooled, neutral- 
ized with anhydrous Na,CO, and, after making up to a suitable volume, the reducing power 
of 20.c. was estimated by the Shaffer-Hartmann method and the results expressed as 
glucose. A correction was made for loss of glycogen in the precipitation fluids, in accordance 
with the principles worked out by Kerly [1930]. By the use of this technique the following 


results for the glycogen content of the corresponding muscles of the opposite limbs were 
obtained: 


Taziz I. The glycogen content of similar muscles in the two hind limbs of the cat. 


Right leg Left leg 
per (g. per Difference 
Muscle (100 g.) 100g.) Difference (p.c.) 
Ezp.1 Adductor I 0-72 0-78 +0-06 +7 
0-77 0-755 0-015 - 
0-59 0-635 +0-045 +7 
Exp.2 Sartorius 0-812 0-726 0-086 
7 Gastrocnemius 0-94 0-997 +0-057 + 
Vastusinternus 1085  --0-055 -5 


Sum =4:972 4978 0-006 


_ Best, Hoet and Marks [1926] and Elias and Schubert [1918] in anesthetized 
animals had found the glycogen content of pairs of muscles to vary but slightly (from 
+5 to —5 p.c.), but these results have not infrequently been seriously questioned by 
investigators who found individual pairs of muscles varying to a considerable extent in 
their glycogen contents, although the mean values for each leg were approximately equal. 
Our own results on this point are entirely in accord with those of the earlier workers. We 
have frequently observed that any delay or increased damage occurring during the removal 


_ of the muscle does lead to a definite difference between the glycogen contents of the two 


muscles, and can only suggest that the liquid air technique which we habitually use is 


death. 


RESULTS, 
— (1) The lactic acid of the blood of superficial veins. 

__We give below the results of three experiments in which blood samples 
were collected simultaneously from the carotoid artery and from a super- 
ficial vein (the median cubital), before and after the execution of the 
muscular contractions, In Exp. 3 these contractions involved only the — 
hind limbs, so that the superficial blood was drawn from an unstimulated | 
fore limb. In the other two experiments the attempt was made to cause 
contraction of the muscles of the whole body, and it is certain that the 


majority did participate in the contraction. Stimulation was made in 
the form of 10 sec. tetani with 5 sec. en 
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Tasca IL. Comparison of arterial wich renou od. 
_ Bap. 8. Stimulation of hind limbs only. 


Lactic acid 
after end of arterial plasma venous plasma 
stimulation (mg. per 100g.) (mg. per 100 g.) 
0 (Rest) 23 15 
13 82 64 
19-5 58 55 
30 34 
| | Mean 49 Mean 42 
Exp. 4. Stimulation of whole body. 
venous plasma 
"0 (Rest) 29 27 
2:5 151 152 
wo 120 101 
90. 17 23 
| Mean 73 Mean 72: 
“Bap. 6. ‘Stimulation of whole body. | | 
(Rest) 42 40 
156 169 
26 89 93 
42 66 67 
132. 39 45 


These results show that previous to the exercise the lactic acid 
content of the blood plasma from the superficial vein was slightly lower 
than that of the arterial blood plasma. The mean results suggest that 
there was also very little“difference between the arterial and venous 
blood after the exercise, though the individual determinations showed 
considerable variations. It will be seen that, in the first experiment, 
the lactic acid content of the superficial venous blood of an unexercised 
limb 13 minutes after the end of the exercise was considerably lower than 
that in the general arterial blood. This deficit became reduced in the 
subsequent periods. This we may interpret, as a similar finding in man 
was interpreted by Barr and Himwich [1923], as being due to an 
absorption of lactic acid by the superficial tissues of the rested limb. 
Janssen and Jost [1925] found a very similar retention of lactic acid 
by résting muscle immediately after injection of lactates into the blood. 


stream. We have not enquired further into this difference, and there- 
fore could not express an opinion as to whether the lactic acid which 
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disappeared in this way did so as a result of mere physical processes or 
was disposed of chemically. 
In the next two experiments, in which the whole body was stimulated, 


it will be seen that, in several of the periods, the lactic acid in the super- 


ficial vein blood was definitely higher than that in the general arterial 
circulation. A similar relationship was observed by Barr and Himwich 
[1923] in man when the venous blood was drawn from an exercised limb. 
This might be due to several causes, acting separately or conjointly. 
In the first place, the superficial vein might be draining some muscles 
(or other tissues) which had been thrown into activity by the stimulation. 
Secondly, it was observed in the collection of these samples that the vein 


was very collapsed and the blood flow slow; we interpreted this at the 


time as a confirmation of the belief that the vein was draining only 
inactive tissues, and explained its slow filling as being due to diversion 
of the blood stream to the actively contracting, or recovering, muscles. 
If such were the case, however, it is conceivable that the superficial 
tissues were being inadequately supplied with blood, and that the excess 
of lactic acid which was present owed its origin to the existence of local 
asphyxial conditions. A third possibility i is that lactic acid had been 
absorbed by the superficial tissues during tle contraction or early period 


of recovery, and was then being slowly given back again to the blood 


stream in the later stages. This explanation was the one given by 
Janssen and Jost in their experiments, in which the lactic acid content 
of the venous blood from muscles, following the injection of lactates, was 
at first lower and afterwards higher than that in the arterial blood. A 
fourth possibility is that the venous blood which flowed so slowly from 
the superficial vein corresponded, not with arterial blood collected con- 


| temporaneously, but with that of higher lactate content which had left 


the arterial stream some time before collection of the sample. It has 
been our invariable practice to collect samples of arterial blood at about 
the mid-point during the time of the collection of the venous samples; 
we cannot suppose that the discrepancy due to the slow flow of blood 
along the veins would be great enough to introduce differences of the 
magnitude here seen, and must therefore suppose that the fluctuations 


factors mentioned. 

Our conclusion on this point is that, while the average composition 
of superficial venous blood does run closely parallel with that of the 
average arterial blood, yet individual samples show variations, the 
direction or — of which cannot be foreseen or readily explained. 
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Although it is not certain that the relations bétween the lactic acid con- 
tent of arterial and venous blood in human subjects after exercise would 
be subject to-similar arbitrary though small variations, these direct 
experiments certainly suggest that if, as is probable, such variations do 
occur, they would be very difficult to allow for, and the work of Barr 
and Himwich on man has given similar results to our own. ? 


(2) Lactic acid distribution between blood and tissues. 


The next question that arises is that concerning the partition of 
lactic acid between the blood and tissues during rest and activity. In 
the work on man it has generally been tacitly assumed that there is an 
equilibrium between blood and tissues which amounts to an equality 
in the lactic acid content of the plasma and tissues, and it may be con- 
ceded that, on a priori grounds, such an equilibrium is reasonable and 
likely. Before proceeding to discuss the matter, however, it is perhaps 
well to consider what is the state of affairs in a still simpler case, 
namely, that of the relative concentrations of lactic acid in plasma and 
corpuscles. 

Tt was shown by Hill, Long, and Lusten 11924} that the lactic 
acid concentration of the plasma, both before and after the addition to 
the blood of lactic acid in known amounts, was not equal to that in the 
whole blood, but was greater; for they found that the lactic acid concen- 
tration of plasma to whole blood was 1:28 : 1. We have repeated these 
observations and found the same figure of 1-28 : 1 for lactic acid con- 
centrations of plasma : whole blood. This would mean that, if the 


corpuscular volume was 50 p.c. of the whole blood, the lactic acid con- 


centration of plasma to corpuscles would be 1-78 : 1, 


We do not propose to speculate as to the cause of this distribution, other than to state 
that in our opinion it has nothing to do with the Donnan equilibrium ratio, since in 
the first place the distribution is quantitatively different from that which the Donnan 
equilibrium would require, and in the second place a few orientating experiments have 
shown us that the ratio remains the same when the CO, pressure of the blood is varied 7 
widely. 

“It was thought that perhaps the distribution might be related to the different amounts 
of free water present in the two phases. Calculations based on the usually accepted figures 
for the water content of corpuscles and plasma (68 and 90 p.c. respectively) would, however, 
lead us to a ratio of only 1-32 : 1 for plasma to corpuscles, instead of the actual ratio of 
1-78: 1, 

A. V. Hill [1930] found that, when added to blood (and equally when added to cor- 
puscles), lactic acid produced an abnormally small lowering of vapour pressure, as though 
it had been removed, e.g. by the corpuscles. His experiments, therefore, throw no light on 
the cause of the observed distribution of lactic acid between plasma and corpuscles. 
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If the distribution of lactic acid between plasma and corpuscles 
presents these unexplained features, it would seem unjustifiable to regard 
the relation between the lactic acid concentrations of plasma, on the one 
hand, and of tissues lying outside the capillaries on the other hand, as 
‘presenting a case which could be regarded as theoretically more simple, 
and we could not be surprised if a condition of equality corresponding to 
a simple diffusion equilibrium were not reached. Even in the apparently 
simple case of the equilibrium between blood and cerebro-spinal fluid, it 

has been found by several investigators [Nishimura, 1925; Glaser, 
1926; Wittgenstein and Gadertz, 1927] that the lactic acid content 
of cerebro-spinal fluid is definitely below that of the plasma, and Barnett 
and McKenney [1926] find that it is similar with transudates. 

(i) Rest. The following results were obtained for resting values of 
blood, muscle, and other tissues: 7 


Taste IIT. Resting tissues. 


(mg. per 100 g.) (mg. per 100 g.) Difference 
+4 
31] 29 + 2 
54 27 +27 
+41 
37 Average 37 95, Average 28 + Average + 9 
42 35 + 7 
-14 
§ 
40 30 +10 
43 32; +11, 
Average 29 Average 305 - 1-5 
21 32 -11-0 
max, gland is} Average 25 og} Average 30:5 5:5 
Conn. tissue (largely fat) 11 29 - 18-0 


These results for muscles are on the whole higher than those obtained by Davenport 
and Davenport [1928], who froze the resting muscles in situ, and obtained average values 
of 20 mg. p.c. They give only one result for blood lactate (8 mg. p.c., i.e. 10-5 mg. p.c. for 
plasma) and this corresponded with 11 mg. and 19 mg. p.c. in two muscle samples (average 
15 mg. p.c.). The difference between resting muscle and plasma according to their results 
would therefore be +4-5 mg. p.c, Our own results show a difference of +9 mg. p.c., though 
for fatigued muscles there is reason to suppose that it would be considerably less than this. 


It would be hazardous to suggest any actual figure as representing 
the real lactic acid content of the resting muscle, and for the following 


Teasons. First, we may suppose that in muscle, more than in other 
tissues, there is a continual production of lactic acid, and also a continual 
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restitutive removal. There is also, no doubt, a balance of lactic acid 
diffusion into or away from the muscle. The lactic acid concentration 
in the muscle at any one moment will, therefore, be the net balance 
of these opposed processes, the tendency being for the lactic acid con- 
centration in the muscle to rise during oxygen lack, whether local or 
_ general; during muscular activity, whether local or general; or during 
and consequent upon the infliction of damage, particularly local damage. 
- Further, any method of killing the muscle cannot but result in an ac- 
celerated rate of lactic acid formation, though even only for a very short 
time. Though we are unable to advance any direct proofs in support of 
such a suggestion, collateral evidence leads us to suspect that it is by 
no means improbable that the normal lactic acid concentration in resting, 
well-oxygenated muscle may be slightly below that in the blood plasma. 
This, at all events, is always the case for the other tissues which we have 
examined, though the difference between the lactic acid concentration 
of tissue and plasma is not so great as between red corpuscle and plasma, 
perhaps in part because the differences between their water contents 

(ii) Recovery. Whatever the relative concentrations may be during 
rest, it is certain that, during strenuous muscular contraction, the lactic 
acid content of the muscle rises at first to a level high above that in the 
blood plasma. The lactic acid, once it is formed, may be disposed of 
either by diffusion into the blood stream or by oxidative restitution. 
If only the former happened we should anticipate an equilibrium at a 
high level between muscle and blood, if only the latter the discrepancy 
between tissue and blood would be followed by a fall of the lactic acid in 
muscle without an accompanying rise in the lactic acid of the blood, which 
we know is not what usually happens. We should expect from theoretical 
considerations that both processes would happen, and that at first the 
lactic acid content of the blood would rise, while that of the muscle fell, 
but that later both would continue to fall if it were assumed that the 
lactic acid of the blood could be removed in any way. Examination of 
the lactic acid content of the arterial blood at short intervals during 
recovery, asin Fig. 1, indicates that the lactic acid rises very rapidly, and 
that the maximum concentration in the blood is usually reached within 
a very few minutes, this being followed by a steady fall. The question 
before us is what relation the lactic acid content of the muscle bears to 
that of the blood plasma during this rise and subsidence. 

Table IV shows typical lactic acid concentrations of muscle and of 
arterial blood plasma during the first 12 minutes of recovery, and the 
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Mg. lactic acid per 100 c.c. arterial blood 


| Minutes after stimulation 


| Pe. od vig ination of mor 
| Dog 12 kg. Stimulation of whole body with three 10 sec. tetani with 5 sec. intervals. 
“ ‘First blood sample 30 sec. after last stimulation. Others at 45 sec., 2, 3,11:5,18and 


40 min. 
_ first 12 minutes of recovery. 
Time of Time of Lactic acid 
(minutes Lacticacid (minutes arterial 
after content of after © blood 
end of muscle end of plasma Difference 
(mg. per 100 g.) (eng: 2006.) 
460 260 +200 
126 9 104 + 22 
335 220 +115 
| Mean +103 
V. acid concentration in monde and arterial blood daring 12- 
140 minutes of recovery. 
Time of Time of Lactic acid 
ple ! ple content of 
(minutes Lactic acid . (minutes 
after 
end of of - Difference 
tek per 100g.) stimulus) (mg. per 100g.) (mg. p.c.) 
12- 98 12-5 143 — 45 
18 87 18 105 -18 
14 133 17 160 -27 
30 156 . 80 175 -19 
71 57 72 -10 
124 90 124. 78 +12 
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next table (Table V) the concentrations from 12 minutes onwards. (The 


‘results are quoted from experiments on different animals.) 


Although it is probable that the production of lactic acid during the 
killing of the recovering muscle would be less than in a resting muscle, 
yet it is bound to occur to some extent, so that our experimental values 
for the lactate content of the recovering muscles will necessarily err on 
the high side. 

If there were free diffusion between the muscle and the blood plasma 
it might have been expected from Fig. 1 that the lactic acid contents of 
plasma and muscle would have been equal rather earlier than Tables IV 
and V show to have been the case. It should be borne in mind that these 
figures are not all taken from the same animal, and are, therefore, not 
directly comparable one with another. The fact which emerges from 
these results, however, is that the lactic acid content of the muscle 
during recovery falls at a greater rate than that of the blood plasma. 

This might be due to the occurrence of lactic acid removal in the 
muscle at a rate greater than that at which lactic acid can diffuse in 
again, or to the arrival at an equilibrium with a partition between plasma 
and muscle similar to that between plasma and corpuscles. 

Experiments to be described in the next section will supply reasons 


_ for believing that, although the arterial lactate soon becomes higher than 


the muscle lactate, the passage of lactic acid continues for a considerable 
time during recovery outwards from the recovering muscle, and not in 
the reverse direction. 


(3) Lactic avid content of blood and of tissues other than 
recovering muscles. 


In order to tie some information regarding the distribution of 
lactic acid in the body generally, we have determined the lactic acid 


Taste VI. 
Lactic content of 
after stimu- content blood 
(mg. per 
m mg. per ° 
“(min.) Tissue 100 g.) 100 g.) 
‘Bap. 14 Submaxillary 138 
_ 61 133 
Bap. 7. 20-5 Submaxillary gland 98. 
21-5 - Uterus 86 91 


4 “ae 
> 
> 
4 
a 
4 
| 
* 
¥ 
= 
; l 
mnective tissue 
3 
» 
Md 
. 


‘280. -M.G. EGGLETON AND L. EVANS. 


content of various other tissues of the dog during’ recovery from Geheral 
muscular contraction. The results are given in Table VI. : 
Similarly we have determined the lactic acid content of unstimulated 
muscles, e.g. those of the fore limbs, when only the hind limbs and lower 
part of the trunk had been stimulated. 


(Table VII). 


TABLE VIL. 
Time content of content of 
mulation — uscle plasma 
 (min.) (mg. p per er 100 g-) (mg. per 100 g.) 
Exp. 8. 85 56 91 
Exp.9. . 165 15 
25-5 32 44 


These results give support to the view that the equilibrium between 
the blood and the resting tissues is not one of equality, but one in which 
the lactic content of the tissues is often lower than that of the blood 
plasma. 

This 80, is of to compare the lactate content of the 
: arterial blood me sen with that from recovering and with that 


Taste VIII. 
' Lactic acid content of 
Venous Venous 
blood 
asma plasma 
from Arterial from 
Time after stimulated ao resting 
Remarks on per (mg. per 
Exp. stimulation 1088) 106) 100 g.) 
~ 10 7 kg. dog. 14 min. stimu- 0 24 
. lation of bo "hind limbs 4-54 110 6 56 
by a@ series of six 10 sec. 36° 48. 4l 39 
rests 76 26 6 
11 34 116 105 79 
on of "both hind limbs 20-21 106 100 89 
by a series of twelve 10 sec. 48-49 56 56 49 
 tetani with 5 sec. rests 96-97 25 20 17 
12 . 1} min. stimu- 151 106 79 
“both hind limbs 133-15 83 72 
af 10sec. 1 27 30 28 
Bcc tetani with 5 sec. rests 7 
13 6-5 kg. dog. 7 min. stimu- 0 — 21 —_ 
: : lation of both fore limbs 12 49 39 35 
series of 19 37 
10 sec. tetani with 5 sec 28 31 26 26 
rests 40 24 21 
14: 7 kg. dog. 5 min. inter- 0 — 20 —_ 
to fore limbs) 27 25 24 
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limb, particularly in the earlier stages of recovery, is taking up lactic 


circulating blood during exercise, so that the blood may be somewhat 
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from resting unstimulated muscle. The results of such experiments are 
given in Table VIII. 

These experiments indicate. that while the fatigued muscle i is b for 
some time giving up lactic acid during recovery, so that. the venous bload 
leaving it contains more lactic acid than the arterial blood, the resting 


acid from the blood, so that the venous blood coming from it contains 
considerably less lactic acid than the arterial blood. These results are 
very similar to those obtained in man by Barr and Himwich [1923]. 

_ A possibility which should be considered is that when. the lactate 
content of the venous blood is higher than in the arterial blood this may 
be due to the transfer of water from the blood to the muscle. Whilst 
it must be acknowledged that the muscles do remove water from the 


concentrated, yet even though a similar state of affairs exists in some of 
our experiments it does not seem likely that an appreciable degree of 
concentration would occur during the passage of blood once through a 
tissue, nor that movement of water into 6 } muscle would continue 
throughout recovery. 


(4) The disappearance of lactic ack from the blood. 
_ (i) We have seen that the lactic acid content of the arterial blood 
rises rapidly during and immediately after severe muscular contraction, 
reaches its maximum shortly after its termination, and then sinks 
steadily during the next hour or two to reach the normal again, and we 
must now enquire into the causes of this subsidence in the lactic acid 
content, First, we must consider whether, at any time, there is any 
equality of lactic acid concentration over the body. So long as the 
contracting muscles form only a small fraction of the soft tissues of the 
body, it would be expected that, owing to the removal of lactic acid by 
resting muscle and other tissues, the average venous blood of the right 
heart, and hence the arterial blood, would always contain less lactic acid 
than that returning from the recently contracted muscles, This difference 
would be expected to become smaller as the mass of exercised muscle 
increased, but since there would always be a considerable mass of tissue 
which was not adding, but probably removing, lactic acid, we could 
expect that there would always be some difference. 
Actually, when we-cause widespread contraction, and compare the 
venous blood from different limbs with the arterial blood, we do find 
smaller differences, but apparently a state of equality is not: reached. 
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If it were the case, indeed, that the major part of the venous return 
to the heart had a considerably higher lactate content than that of the 
arterial blood, we should be at a loss to explain the lower content of 
lactic acid in the arterial blood, and it would be necessary to examine the 
possibility that oxidation of lactic acid might be occurring in the lungs. 
The view that the execution or completion of oxidations might occur in 
the lungs, though revived by Bohr and Henriques in 1897, is now 
considered to have been definitely disproved, but we have nevertheless 
examined this point and found that such a hypothesis is definitely 
inadmissible, so far as lactic acid is concerned. In the first place, we 
have shown in the preceding communication that the isolated perfused 


which the heart or muscle could do so. Further, direct determinations 
of the lactic acid content of the blood of the right and left hearts after 
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Mg. lactic acid per 1000.0, blood’ 


50 


405 10 12 14 16 18 20 22 24 26’ 98 32 

| Minutes after stimulation — 

~ Fig. 2. Lactic acid contents of blood samples taken simultaneously from right and left 
__ hearta after exercise. Dog. 9 kg. Stimulation of whole body for 7 min. by series of 

Short tetani 2 to 3 sec. with 2 to 3 seo, intervals, = - . Pe 


lungs are unable to remove lactate from the blood under conditions in : 
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stimulation of the general musculature showed that, at first, the lactic 
acid content of the arterial blood was actually slightly below that of the 
venous blood; we attribute this to temporary absorption of lactic acid 
by the lungs, acting 4s an inert tissue. This conclusion is supported by 
the fact that at a later stage the curves cross for a time, as this absorbed 
lactic acid is given out again into the arterial blood (Fig. 2). 

(ii) Removal of lactate by the ler. In view of the generally admitted 
statements that lactic acid is excreted in large amount after hepatectomy 
or in phosphorus poisoning, and that the excised liver can remove lactic — 


_ acid from perfusion blood, it seems natural to regard the liver as probably — 
_ responsible for removing a good deal of the lactic acid from the blood 


during recovery, and this opinion has recently been definitely expressed 
by Himwich, Koskoff and Nahum[1930]. We therefore carried out 


experiments to examine this possibility, by collecting for comparison 


samples of general arterial blood and of hepatic vein blood. 


The collection of hepatic vein blood was made as follows: A number 0 gum-elastic 
catheter provided with a stilette slightly curved at the end, both of them coated with 
liquid paraffin, was introduced into the external jugular vein, and was passed down, with 


- suitable manipulations, until the end had entered the inferior vena cava just below the 


diaphragm. A small incision was previously made in the upper abdominal wall for the 
purpose of verifying the location of the curved extremity of the catheter. In the dog, the 


most orally placed hepatic vein on the left side of the vena cava enters at an oblique angle 


and its ventral aspect is easily discernible. By palpation from below, together with suit- 
able manipulation of the catheter stilette from above, the catheter was directed intd this 
large branch of the hepatic vein, which it easily entered, when the sample was at once 
drawn by a syringe. As an additional safeguard, in some experiments, a loop of thread was 
placed round the inferior vena cava just below the liver, and pulled during collection of 
the hepatic sample, This did not appear to give any different results, and was discontinued. 
The chest need not be opened in order to facilitate the passage of the catheter down the 
vena cava. 
Bernard [1879]. 


‘The results of the first few experiments were equivocal, but when the 
extent of stimulation was altered so that the lower part of the trunk and 
hind limbs alone were stimulated, the results were at once, and in every 
case, clear cut. _ 

The experiments recorded in Table IX show sesshishalialil that, in 
passing through the liver (and intestines), lactic acid is removed from the 
blood throughout the course of recovery. We would lay more stress on 
the lactic acid disappearance during later phases of the recovery than on 
the differences, even if greater, during the earlier minutes. Samples of 
venous blood returning from any inert tissue show a lower lactic acid 
content than does arterial blood during the first 10 minutes of recovery 
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Tate IX. Lactic acid and blood sugar content of blood from hepatic vein and of arterial 


Lactic acid 
content of 
Blood content of 
Stimula- Time Arterial 
tion after blood from Ar He- 
series end plasma hepatic terial patic 
Wt. of vat (mg. (mg. (mg. 
Exp Treatment min.) (aie) 100 g.) ence 160g) ence 
5 8-5 Amytal 4 10 123 +12 -~12 
20 308 102 + 3 7 + 2 
31 97 67 +30 70 79 - 9 
46 46 36 +10 83 83 
62 31 23 + 8 83 93 ~10 
16 12-25 #Decerebrate 4 13 169 +18 147 167 20 
20 141 120 +21 149 
33 116 97 +19 146 154 -~ 9 
49-5 84 77 + 7 154 158 4 
63-5 66 63 + 3 156 165 ~ 9 
17. 8&8  Decerebrate 7 166 8 
22 141 121 +20 170 190 —20 
315 119 #109 +10 186 179 + 7 
44 91 74 +17 192 200 - 8 


following stimulation of the musculature, as we have shown above, so 
that the results obtained at a 5-minute interval after the stimulation 
would be less significant. The results of Himwich e¢ al. suffer from this 
drawback, most of their samples being drawn within a few minutes of 
the exercise. 

Since no samples of portal blood were obtained, these experiments 
in themselves do not definitely prove that the liver alone was causing 
this removal of lactic acid, though there are other reasons which indicate 
that this was so: nor could any opinion be offered as to the fate of the 
lactic acid which is removed, and we have not attempted to attack this 
aspect of the matter. From the recent investigations of Cori and 
Cori[1929] it would appear that some of it is probably converted into 
_ glycogen: there is no indication whether or not some of it is oxidized. 

In two of the samples recorded in Table IX (one in Exp. 15 and one 
in Exp. 17) the blood sugar of the hepatic vein is less than that of the 
arterial blood, which may perhaps be explained by assuming that the 
catheter in these cases was not completely in the hepatic vein: this 
would result in a mixture of hepatic vein and vena cava blood being 
withdrawn. The difference in lactic acid content of the two bloods is 
correspondingly less marked than that of other samples in the same 
experiment, so that in attempting to get an average figure for the amount 
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of lactic acid removed by the liver, these samples may be ignored. The 
average obtained from the remaining figures is roughly 15 mg. per 100 g. 
of plasma, or 12 mg, per 100 g. of blood, that is, from every 100 g. of 
blood passing through the intestines and liver 12 mg. of lactic acid are 
removed. This is a definitely larger difference than we have obtained 
between the arterial blood and the venous blood from resting muscles, 
and it would therefore seem probable that a not inconsiderable fraction 
of the lactate disappearing from the blood does so by removal by the liver. 
We can obtain from our experiments an average figure for the rate 

of disappearance of lactic acid from the arterial blood after muscular 
contraction. These results are recorded in Table X, and show an average 
fall of 2-1 mg. p.c. per minute, (Actually, the rate of subsidence of lactic 
acid in the arterial blood is approximately linear during the early part 
of recovery, and the values taken for Table X all fall on this part of their 
curves.) 
TaBLe X. Rate of recovery, 


Lactic acid content 
of arterial blood 
A. ~ Fall per 
WwW ially in Time 
t i (mg. (mg. Ti (mg. 
Exp. Animal (kg.). Treatment (mg.p.c.) p.c.) p.c.) (min.) p.c.) 
18 Dog 8-5 Decerebrate 133 71 62 32 1-9 
19 8-2 108 54 5427 2-0 
5 
22 118 46 72 20 3-6 
23 6-5 119 38 81-28 2-9 
24 io 9-7 123 52 71 4863156 
25 75 115 35 80 30 2-6 
3 Injected Na lactate 309 118 #191 65 2-9 
26 110 Amytal 224 158 66 32 2-0 
27 12-7 79 44 35 28 1-3 
28 8-5 105 36 69 355 1-9 
29 2-5 180 6 115 56 2-0 
30 2-7 123 52 71 1-3 
31 22° 155 61 60 91 1-5 
Average 2:1 


Despite the lack of complete equilibrium between the lactic acid 
content of the tissues and blood under the conditions of these experi- 
ments, the disappearance of 2-1 mg. p.c. per minute in the blood pro- 
bably represents a similar degree of disappearance in all the wet tissues 
_ of the body. Taking the average figure obtained by Burton-Opitz 

_ [1917] for the blood flow through the liver in the dog as 84 c.c. per 100 g. 
of liver per minute, and the average weight of the liver as 3-3 p.c. of the 
body weight, it would appear that the rate at which lactic acid dis- 
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appears from the body during recovery is about three to four times as 
great as it would be were the liver removing the whole of it. It is unlikely 
that this very large discrepancy could be due to errors in the average 
values taken at each stage: from these experiments alone, therefore, it 
can be concluded that the liver (with intestines) is certainly not the only 
organ in the body concerned with the removal of lactic acid after muscular 
contraction. 
(iii) Removal by other tissues. Further evidence that the liver is not 
_ solely responsible for lactate removal is obtained by studying the rate of 
recovery after muscular contraction either in completely “eviscerated ” 
animals, or in animals with the liver removed from circulation. Of the 
three experiments quoted below (Table XI) complete evisceration was 
performed in the cat, both portal vein and hepatic arteries being tied 
off. In the dogs the hepatic arteries were tied, and the portal vein 
anastomosed by means of Crile’s tubes and a length of external jugular 
vein to the right renal vein, as described by Dale and Laidlaw [1919]; 
so that in both cases the only connection of the liver with the circulation 
was by the hepatic veins. Though there may be a slight ebb and flow of 
blood in and out of the hepatic veins during respiration or exercise, and 
perhaps even a very restricted flow owing to the existence of trivial 
anastomotic connections, it seems inconceivable that the liver so situated 
should be able to remove lactic acid from the circulating blood, though 
it might contribute a certain amount of reducing sugar or even lactic 
acid to it. 


Taste XI. 
of arterial blood 
— Fall 
ially lly Fall per 
(mg. ~ (mg. min. 
Hzp. Animal (kg.) g.) 100 g.) 1 g-) (min.) pe) 
Complete evisceration. 
; Portal short circuit. 
33 Dog 125 (Decerebrate) 126 98 28 40 OF 
(Amytal) 9 6 30 O8 


The average fall of lactic acid in the general blood stream under these 
conditions was 0-7 mg. p.c. per minute, or roughly one-third the rate 
obtained in the intact animal, and seems to be unaffected by presence or 
— of the intestines. No particular importance can of course be 
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attached to this particular figure, since the liver may have even been 
adding small amounts of lactic acid as a result of its anaerobic state. 
It is obvious from these experiments that lactic acid can be removed 


- from the circulating blood without the intervention of the liver. This 


has, however, been denied by workers recently (principally Him wich, 
et al.), who claim that lactic acid gradually accumulates in the blood of an 
eviscerated animal at rest. Such has not been our usual experience, as is 
seen from Table XII, which gives some typical results we have obtained. 


Taste XII. 
Lactic acid 
content of 
Time after i 
eviscera- blood 
Exp. tion © (mg. p.c.) | Remarks 
35 0 16 Cirrhosis of liver found at autopsy 
hr. il 
10 
74 
36 », 41 
37 40 min. 24 hae 
38 44 hr. 47 Sciatics stimulated 1 hr. after evisceration 


Lactic acid just afterwards = 62 mg. p.c. 


It is difficult to explain precisely why other workers, carrying out 
apparently the same experiment, should have found the lactic acid of 
the blood invariably to rise. In the rare instances where this has hap- 
pened in our own experiments, we have explained the occurrence as 
being due to the intervention of abnormal conditions. For example, a 
grossly improper degree of ventilation, in either direction, or a failing 
circulation, could cause this result. In any case, the fact that the blood 
lactate can, and, in our experience, usually does, remain low or even fall, 
after evisceration, is here of more importance than the fact that it can, 
in certain circumstances, show a rise. 

(iv) Removal by the muscles. An obvious possibility, which was 
actually the starting point of our investigation, is that of restitution of 
lactic acid to glycogen in the muscles, and we therefore compared the rate 
of glycogen formation both in intact and in eviscerated animals (Table 
XIII). In these experiments the glycogen contents are always compared 
with those of the same muscle on the opposite side of the body. 

The results show a gain in muscle glycogen in most cases and, though 
this gain is more clearly seen with intact than with eviscerated animals, 
its occurrence in the latter seems to be beyond doubt. The clearest rises 
were seen in cases where the initial glycogen was very low. As regards 


the source of this added glycogen, we have little evidence to offer. It 
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‘Taste XIII, Glycogen re-synthesis in muscles of cate during recovery from ) 


muscular exercise, 
A, Intact animals. Glycogen (g. p.c.). 
Time after end of exercise (hr.) 
; A Increase Increase 

Exp. + 2 3 4 (g- p.c.) (p.c.) 
39 §«©Amytal Trace — — 046 Over 400 
40 017 018 +0-01 6 
0-25 0-41 +0-16 64 
41 0-22 0-29 +0-07 32 
0-17 0-29 — +0-12 70 
42 i 0-19 0-35 84 
43  Decerebrate 0-07 — 0-13 +0-06 85 
0212 — 0 0 

B. Eviscerated animals. 
Time after end of exercise (hr.) 
A Increase Increase 
0 1 2 3 34 (gp.c.) (p.c.) 
44 Amytal 0-11 0-15 +0-04 

45 0:27 0-40 +013 48 
0-25 0-33 — + 0-08 32 
0-55 — 056 +0-01 2 
” 0-25 0-30 +0-05 20 
0-47 — 048 +0-01 2 


might arise equally well from blood sugar, from blood lactate or from 
lactate which has never left the muscle. 

The possibility of formation from blood sugar is reduced, though 
not completely eliminated in the eviscerated animals. Thus in one of 
the experiments quoted in Table XIII (Exp, 44) the arterial blood sugar 
was determined and the following results obtained : | 


Taste XIV. 
Interval after | Arterial blood 
evisceration (min.) sugar (p.c.) 
| 184 
Stimulation of both sciatic nerves at 47-90 min, 
93 “112 
165 ‘072 
226 
342 029 


It is not impossible that an ebb and flow of blood in and out of the 
hepatic veins might have carried in a certain amount of sugar from the liver. 
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It seems uncertain, in view of these results, whether the lactic acid 
which is produced in exercise can actually be converted into glycogen 
in the muscles themselves, and it is possible that lactic acid once it has 
entered the blood stream is not convertible into demonstrable amounts 
of glycogen by the muscles, though our experiments indicate that some 
of it may be removed, since the venous blood leaving muscle contains 
in some circumstances less lactic acid than the arterial blood. 

Various attempts have been made, by ourselves and by others, to 
- find whether lactic acid administered to animals can be converted into 
muscle glycogen, but there seems no doubt that, apart from the possible 
intermediation of the liver [Cori and Cori, 1929], the administration of 
lactate, e.g. intra-arterially as was investigated by Elias and Schubert 
[1918], or intravenously, is not followed by deposition of muscular 
glycogen. 

Our own experience is entirely in agreement with this. In experi- 
ments on cats, for instance, we have found no increase of muscle glycogen 
to follow the injection of large amounts of lactic acid into the blood stream. 
.Nor, in our opinion, is the synthesis of glycogen from lactate, even in 
amphibian muscle, capable of ‘quite such a clear-cut demonstration as 
is commonly supposed. We have tried to repeat some of Meyerhof, 
Lohmann and Meier’s [1925] experiments by perfusing the hind limbs 
of frogs with 0-12 p.c. lactic acid solutions at pH 7-4 in Ringer or phos- 
phate Ringer (8 mg. p.c, P) precisely as they recommended. The results 
given in the table on p. 290 (Table XV) indicate that only minimal quan- 
tities of glycogen made their appearance under these circumstances, 
while amounts of the same order were apparently produced by perfusion 
even with ordinary Ringer’s solution. 

We do not consider these results to be so unequivocal as to give 
very strong support to the belief that glycogen synthesis in the muscle can 
be effected from lactate perfused through the blood vessels. The process 
would, however, be expected to be slow in cold-blooded animals, so 
perhaps no great stress should be laid on these facts in relation to our 
own experiments on mammals. 


(5) Relation of experimental to normal conditions. 

It remains to be considered how far the results we have obtained 
urider the conditions of these experiments can be transferred to the 
interpretation of problems of exercise in normal animals. The most 
significant differences lie in our method of inducing muscular contraction 
and in the procedures adopted to render the animal unconscious. As 
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TaBLE XV. Glycogen content of the gastrocnemii of frogs. 


Muscle per- 
fused with 
lactate- 
muscle solution Increase 
(p.c.) (p.c.) (p.c-) 
Rana esculenta 0-635 0-635 2 hr. 40 min 0 
” — «0-92 1-05 2 hr. 40 min. +14 
” 0-895 0-905 2 hr. 45 min. +] 
1-04 2 hr. 30 min. 7 
Mean +5} 
Muscle 
muscle solu 
(p.c.) 
Rana esculenta 0-975 1-0 . + 
| | Mean +6} 
Fatigued 
lactate- 
Fa i i r 
posing 
(mg.) (mg.) 
Rana esculenta 5-9* 6-3 2 hr. | + 7 
Hungarian 
15-5* 113° 3 hr. 
Mean -9 
Muscle Muscle per- 
fused with 
with lactate- 
R Ringer 
solution * solution 
— Rana esculenta 0-86 p.c. 1 pec. 2 hr. 45 min. +27 
12-45 mg.* 11-65 mg. 3 hr. 7 
Mean + 4 


4 ' * The weight of the muscles was unknown in these experiments, so that the figures | 

‘= given express the total glycogen content of the muscles concerned. In the other experi- ) 

a ments, in order to eliminate the effects of edema, we followed Meyerhof’s procedure by 
assuming that the control muscle and the perfused muscle were of the same weight. 


- regards the first, provided that only the lower portion of the animal is 
stimulated, so that respiratory movements are not hindered, and that 
excessively prolonged tetani are avoided, we can see no reason to suppose 
that the results are essentially different from those of similar contractions 
produced voluntarily. The other difference is perhaps a more serious one, 
since Long [1928] found that amytal caused a disappearance of glycogen 
from muscles in the resting cat, and Best, Hoet and Marks mention 
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the same fact but give no figures. Further, Hines, Boyd and Leese 
[1926] observed that injection of glucose into a dog under amytal 
anesthesia caused a greater hyperglycemia and glycosuria than when 
an anesthetic was absent. Hinsey and Davenport [1929], on the 
other hand, found no fall in glycogen during amytal anesthesia in cats (2), 
guinea-pigs (2), or rats (2). Since we have obtained good recovery of 
glycogen in animals under amytal, it appears to us that this anesthetic 
is satisfactory enough in this respect. That amytal has no evident in- | 
hibitory action on lactic acid removal, moreover, is indicated by the facts 
that (1) recovery from exercise (as evidenced by the rate of disappearance 
of lactic acid from the blood stream) is as rapid as, or more rapid than 
that occurring in the decerebrate animal (Table X), and (2) the uptake of 
lactic acid in the portal circuit during recovery is not impeded by amytal . 
anesthesia (Table IX). During amytal anesthesia the blood sugar level 
and lactic acid content of the blood are those of a normal resting animal. 
Following decerebration in an animal both values are abnormally high, 
whether rigidity is present or not [v.also Hinsey and Davenport, 1929]. 
Nevertheless, the processes of recovery seem to occur at much the same 
rate in the decerebrate animal as in the animal under amytal. However, 
until both states (amytal anesthesia and decerebration) have been more 
fully investigated, the question as to which approximates more nearly 
to the normal is in our opinion an open one. We see no reason to suppose, 
since both give the same results, that these could not be considered fairly 
_ to represent the course of events in the normal animal. 

We have not up to the present considered the state of affairs in those 
instances in which with mild [Owles, 1930] or even, under exceptional 
circumstances, with severe exercise [Bock, van Caulaert, etc., 1928] the 
lactic acid of the arterial blood shows no appreciable rise. Since many | 
‘instances have now been dealt with in the literature in which this state 
of affairs obtains, it seems that, under certain conditions, muscles do not 
add any lactic acid at all to the blood stream travelling through them, 
since if they did so, even allowing for rapid rates of removal of lactic acid 
by the liver, there could not fail to be a detectable increase in the lactig 
acid content of the arterial blood. 

There are, it seems, only two possibilities by which these effects can 
be explained: either, under conditions of adequate oxygenation lactic 
acid is never formed in the muscles, or else the lactic acid is removed 
in situ as fast as it is formed. The existence of such examples shows clearly 
that an exit of lactic acid from the muscles is an accessory phenomenon 
not connected with the fundamental process of muscular contraction, 
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but lien associated with a rate of oxygen supply which is inadequate 
to enable removal to take place within the muscles. 

That transfer of lactic acid to the blood stream does occur in many 
perfectly normal people when performing severe exercise is incontestible, 
and it is with individuals of this type that we are concerned in the present 
discussion. There is one difficulty in connection with the statement that in 
certain individuals muscular exercise is not associated with an increase 


-in the arterial lactate, namely that it is surprising that in those in- 


dividuals there should be under any circumstances any lactate at all in 


_ the circulating blood. Such lactate as there is would, according to these 


results, probably be produced from some source of lactate, other than 
the muscles, which is able to keep the blood lactate constant in spite of 


the various means by which lactate can continuously be removed from 


the blood. | 
SUMMARY. 

1. While the average lactic acid content of superficial venous blood 
runs closely parallel to that of the arterial blood, yet individual samples 
show variations, the direction or — of which cannot be foreseen 
or readily explained. 

2. The lactic acid content of tissues in vahenli is somewhat less than | 
that of the blood plasma, both at rest and during recovery from exercise, 
this difference being less readily observable in muscle owing to pro- 
duction of lactic acid during the removal and killing of the tissue. Up 
to about 10 p.c. difference, this could be accounted for on the basis of 
the higher water content of the plasma. 

3. The lactic acid content of muscles which have been given a short 
period of severe exercise does not come into equilibrium with that of 
the blood and other tissues until at least 10 minutes after the end of the 
exercise. In the equilibrium then reached the muscle lactate is lower 
than the arterial blood lactate. | 

4. The lactic acid content of the venous blood: returning from 
muscles which have been contracting remains higher than that of the 
arterial blood throughout recovery, while that from unexercised muscles 
is lower. 

5. The lungs play no part in the removal of lactic acid during re- : 
covery. 

6. The blood returning from the liver contains less lactic acid 
(average 12 mg. per 100 ¢.c.) than the arterial blood, throughout re- 
covery. Hence the liver removes lactic acid from the blood. 

_ 7. Under the conditions of experiment the average rate of dis- 
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appearance of lactic acid from the blood during recovery was about 2 mg. 
per 100 c.c. per minute. In the eviscerated animal this rate was only 
reduced to about one-third of that value; hence the liver is not solely 
responsible for lactic acid removal. 

8. The lactic acid content of the blood of the resting eviscerated 
animal does not rise during the 4 hours following the evisceration. 

9. Glycogen re-synthesis occurs to a considerable extent in muscles 
during recovery from exercise, using amytal as anesthetic. The recovery 
is almost as great in the eviscerated as in the intact preparation. The 
sofirce of the glycogen is uncertain. 

10. Amytal anesthesia as compared with decerebration has no de- 
pressing influence on the uptake of lactic acid by the liver during re- 
covery from exercise, nor on the rate of disappearance of lactic acid from 
the blood stream in general. In the resting condition the blood sugar and 
lactic acid content of the blood are normal in the animal under amytal | 
anesthesia, but abnormally high in the decerebrate preparation. 

11. Perfusion of the hind limbs of frogs with lactate led to no 
appreciable synthesis of glycogen by the muscles. 


Grants Committee of the Royal Society to C. L. E. 
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THE DIFFUSION OF CREATINE AND UREA 
THROUGH MUSCLE. 


By PHILIP EGGLETON?. 
Beit Memorial Research Fellow. 


the Depertnant of Physiology and Biochemstry, 
College, London.) 


Ir a resting muscle be suspended in well oxygenated Ringer’s solution it 
begins to lose some of its constituents by diffusion. The ability of a sub- 
stance to diffuse from a muscle and the rate at which it can diffuse cannot. 
be foretold from a knowledge of the behaviour of the substance in aqueous 
solution. It is probable that a great deal of light will be thrown on the 
conditions existing in the muscle by a systematic study of these diffusion 
phenomena, particularly with the aid of the exact mathematical treat- 
ment recently published by Hill[{1928]. At present the information 
available is scanty, but very suggestive. For example, lactate diffuses — 
from a dead muscle at exactly the rate that would be expected if the 
muscle were a lump of jelly containing the same amount of lactate 
[Eggleton, Eggleton and Hill, 1928]. It is clear that no hindrances 
to diffusion arise through any structural peculiarities of the dead muscle. 
This seems to be the case for completely resting muscles, but the rate of 
diffusion of lactate from fatigued muscles is very greatly reduced by 
circumstances existing in fatigued, as distinct from dead or resting 
muscles. 

Creatine and phosphate are capable of diffusing from muscle, but the 
curious circumstance was earby observed that -phosphagen is quite 
incapable of diffusion. No explanation has yet been offered for this 
peculiar behaviour, but it may have considerable significance. In spite 
of the indiffusibility of phosphagen in a living muscle this substance 
is perfectly diffusible through collodion when the muscle structure is de- 
stroyed. Mr Horton and the writer killed muscles by macerating in 
dilute acid or alkali, and in alcohol, and in all cases found the phosphagen 
in the extract to be freely diffusible. More recently a similar result 
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was obtained when muscles were extracted by cutting up finely in 
saline solution and the extract separated by centrifuging. The phosphagen 
in the fluid diffused at practically the same rate as orthophosphate. It 
- seems that either the phosphagen of the muscle exists in combination 
with some colloidal constituent or that the cell walls have a specific 
impermeability to this substance. 

The diffusion of phosphate was studied in a semi-quantitative fashion 
by Embden in 1922. He observed no diffusion from resting muscles, 
but an appreciable diffusion from muscles which were being stimulated. 
Since his estimations of inorganic phosphate in the muscle had shown 
practically no difference in phosphate content between active and passive 
muscles, he was forced to conclude that the permeability of active muscle 
to phosphate was very much greater than that of a muscle in the passive 
condition. But the increase in orthophosphate now known to occur in 
fatigue is quite sufficient to render this hypothesis unnecessary, and 
indeed it is definitely disproved by the recent quantitative studies 
published by Stella from A. V. Hill’s laboratory. Stella [1928] found 
the diffusion coefficient of phosphate to be the same for resting, fatigued 
and dead muscles. He showed further that diffusion equilibrium occurred 
between a dead muscle and the saline solution surrounding it when the 
latter contained phosphate to the extent of 110 mg. of P per 100 g. This 
is approximately the figure found for the inorganic phosphate content of 
a dead muscle by direct analysis when allowance is made for the fact 
that the muscle contains only 80 p.c. of water. In this respect again 
therefore the dead muscle is exhibiting the behaviour of a structureless 
jelly. But in the case of resting and fatigued muscles diffusion equilibrium 
occurred at concentrations of 8 and 18 mg. per 100 c.c. respectively— 
figures considerably below those found by direct analysis, more parti- 
cularly in the case of the fatigued muscle. Meyerhof has expressed the 
opinion that this discrepancy may be due to the adsorption of part of the 
phosphate on to some part of the muscle structure. 

Regarding creatine no information has been published since the work 
of Tiegs[1925] who showed that creatine diffuses from fatigued frog 
muscles into a saline solution, but not from resting, and that the admission 
of oxygen diminished diffusibility. He rightly supposed that creatine 
‘must exist in two forms in the muscle, the diffusible form predominating 
in the fatigued state. Some recent experiments have indicated that 
equilibrium occurs at a concentration of about 80 mg. of creatine per 
100 ¢.c. in the surrounding saline solution in the case of resting muscles 
and at a concentration of about 200 mg. per 100 c.c. in the case of fatigued 
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muscles. The technique used in these experiments does not appear to have 
been used before and is accordingly described here. 

One of a pair of resting frog sartorii is placed in a Ringer’s solution 
containing, for example, 20 mg. of creatine per 100 c.c. and the other in a 
similar solution containing, say, 120 mg. per 100 c.c. The amount of 
solution bears the same ratio to the weight of muscle in both cases; the 
actual ratio is between 1 and 3. The muscles are kept well supplied with 
oxygen, and after 2 to 5 hours are removed and a known weight of the 
solution analysed for creatine. Similar samples of the original solutions 
are simultaneously analysed. In a typical experiment the creatine 
concentration in the “low concentration” Ringer’s solution is found to 
have increased slightly (from:c, to c,) whilst the other has fallen from its — 
original value (C,) to a slightly lower (Cy). Since the amount of diffusion 
in a given time depends only on the first power of the concentration 
gradient, a simple geometric operation (or its equivalent algebraic calcu- 
lation) enables one to find that concentration at which no diffusion would 
have occurred. If the final concentrations are plotted against the initial 
two points are obtained, and on the straight line joining them is the point 
corresponding to equal initial and final concentrations. Its position is 
given by the intersection of this line with the diagonal, for the diagonal 
includes all points representing equal initial and final concentrations. The 
equivalent algebraic operation is to find the point on the straight line, 


(Final concentration) = a (initial concentration) + b, 


_at which the final concentration equals the initial concentration (= equi- 


librium concentration, ¢,). This is by 


nf, ert 
or, in 1 terms of the four known values of c, 


ee be no appreciable exchange of water between 
the muscle and the surrounding saline: i.e. the saline must be isotonic. 


Table I gives the details of some of the experiments performed to- 
gether with the calculated equilibrium concentrations. A few experi- 
ments of a similar type were performed with phosphate as the variable, 
and the results though somewhat irregular gave an average equilibrium 
value fairly close to that obtained by Stella. 

Since a muscle contains about 80 p.c. of water, practically all of which 
according to the recent work of Hill [1930] is ‘‘free” water, with normal 
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Taste I. The diffusion of creatine between sartorius muscles (frog) and Ringer’s 
Ringer’s solution Calcu- 
lated 
Initial Final equili- 
Muscles creatine creatine brium 
—, P concen- concen- 
weight weight Amount (mg./ (mg./ (mg./ (mg./ 
Exp. No. (mg.) (mg.) (gm.) 100gm.) 100gm.) 100gm.) 100gm.) 
410 392 0-505 95 1195 111-5 7 
1 402 394 0-505 9-5 40 37 
312 290 0500 125 1235 #114 34 
347 319 O516 12:5 32-4 32-5 
331 324 0-502 95 98-5 40 
1 308 304 0-509 9-5 40 
372 356 0509 125 125 117 41 
1 395 356 0505 12:5 32-1 32-9 
| 333 335 860-514 95 108 98 60 
1 352 356 80-515 9-5 34 
291 0-490 9-0 25-7 30-4 
l 297 0-490 90 165 155 
326 0-490 9-0. 25-7 39-7 72-5 
l — 324 0-490 90 165 137 
270 0-490 9-0 25-7 75-5 
243 0-490 90 165 149 
455 0-480 6-0 19-1 37-5 80-5 
2 — 448 0-480 6-0 86-5 
10 6 41780 «$1820 26-7 136 127 87-5 
6 1790 1-98 2-7 23-6 34-4 
382 0-480 6-0 19-1 31-5 89 
2 393 0-480 6-0 89 89 
12 4 980 970 . 1-22 27 . 135 127 104-5 
4 970 930 1-23 26-7 21-7 43-7 
aes 418 422 0-501 95 106 106 106 
394 0-498 9-5 
301 0-512 6-0 41-5 48 > 90 
1 285 0-518 6-0 93 
1 ol 418 — 0-502 6-0 21-6 51 98-5 
1 396 = 0-512 60 117 110 
285 0-525 60 0 12 127-5 
1 293 -—— 0-505 60 170 166 
404 0-567 170 306 292 154 
; 1 435 413 0562 170 #4131. 1335 
192 0-30 93 98-5 1705 
1 194 0-30 395 355 
198 0-30 93 118-5 =.:183 
559 575 06554 17:0 299 276 193 
534 554. 0-557. 144 
ee 327 1-01 31:0 258 266 > 270 
1 348 380 «1-0 31-0 109 119 
Bee 428 458 1-01 31:0 260 272 > 270 
l 443 464 1-01 31:0 1005 #4112 
Of these experiments nos. 17-22 were performed with muscles which had been fatigued 
to different extents, nos. 14, 15 and 16 with muscles immediately after dissection. In the 
remaining cases the muscles after dissection had been immersed in well oxygenated Ringer's 
solution for 30 minutes, then hung in oxygen for a further 30 minutes. This treatment has 
been found in earlier work to bring the muscles into good condition, and to abolish all 
tendency spontaneously inexcitable, 
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solvent powers, an “over-all” concentration of-creatine in the muscle of 
65 mg. per 100 g. is required for equilibrium, on a purely osmotic basis, 
between the muscle and a surrounding saline solution containing 80 mg. 
of creatine per 100 c.c. This is the value actually observed by Duliére 
[1929] in some direct analyses of resting muscleg carried out in this 
laboratory. Duliére used two completely differen#/methods for the direct 
estimation of free creatine with essentially the same result. It seems, 
therefore, on the evidence so far available that the creatine of muscle is 
distributed evenly through all the water of the muscle. 

Every ionizable substance so far examined by such diffusion methods 
has shown some peculiarity in its behaviour. Although the chemist is 
forced to express his analyses as a percentage of the whole weight of 
muscle, experience has shown that it may be very misleading to suppose 
even the diffusible constituents to be distributed evenly through the 
muscle, That such an indiffusible substance as glycogen is contained only 
- in the muscle fibres and not in the interspaces is a fairly plausible sup- 
position, but there is evidence that chloride, potassium, sodium and 
phosphagen are by no means equally distributed between the fibres and 
the fluid in the interspaces. Urea on the other hand was found recently 
by Horton and the writer to diffuse into a muscle to an extent indicating 
that 80 p.c. of the weight of the muscle was capable of dissolving urea: 
that is to say, the apparent water content was 80 p.c.1 This indicates that 
urea like creatine distributes itself evenly throughout the muscle and 
that no hindrance exists to its free diffusion. This simple behaviour may 
be connected with the very feeble ionization of these substances in water. 

The method used was as follows: a sartorius muscle of known weight 
was immersed in a known volume (about four times the volume of the 
muscle) of Ringer’s solution containing a known concentration (0-10 to 
0-15 p.c.) of urea. The urea diffused into the muscle and equilibrium was 
established (as was shown in some preliminary experiments) in three 
hours. After 4 to 6 hours the urea still remaining in the solution 
was estimated (as nitrogen by the Kjeldahl method). The companion 
sartorius was treated similarly but with a saline solution containing no 
urea. It enabled the small correction for the diffusion of nitrogenous 
substances out of the muscle to be made. The calculation then sig the 
following form: 

Initial concentration of urea in saline = 2; 
Final = 


* Mention was made of the results of these experiments Prof. dct Hill recent 
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Therefore total amount of water in system, assuming even distri- 
bution of ures, x volume of saline (v). 
: Hence available water of muscle | 
= 1) x v. 
The weight of the muscle being known, the Bet ant of available 


water could be calculated. 
The results are given in Table IL. 


_ Taste IL. Diffusion of urea into frog’s sartorii from saline solutions containing urea: 


m Urea in saline Water 
Initial Final (v) Initial Final muscle 
(mg-) (mg.) (¢.c.) Initial (x) (y) (p.c.) 
249 251 13 3861 0-20 257 226 018 70-5 
268 258 13 267 2-46 
245 230. «21 2-3 2 222 188 018 78 
245 230 0-08 0-12 
305 2-3 196 2-22 1-81 0-225 80-5 
305 280 1- 008- 0-15 
1750 1725 =—«6 003 O57 28 2-19 1-39 82 
1750 1680 6 283 2-76 
Same experiment 2:8 215 88 
323 335 13 030 2657 £4207 «£40316 93-5 
835 340 267 237 
688 637 0056 026 371 316 #42061 79 
622 656 3 376 3-42 


Mean “815 


urea- and the control-salines in arbitrary units. From these the initial and final urea 
concentrations (x and y) are obtained also in arbitrary units. The fourth and fifth values 
The 4-hour sample gave slightly the higher result. 


SuMMARY. 


1. By observing the diffusion of creatine into or out of muscles im- 
mersed in salt solutions containing creatine, it has been shown that a 
concentration of 80 mg. of creatine per 100 c.c. of solution is just sufficient 
to prevent loss of creatine from a resting muscle (frog’s sartorius). If the 
equilibrium were a simple osmotic one, this would indicate a concen- 
tration of 65 mg. of creatine per 100 g. of muscle (80 mg. per 100 c.c. of 
water in the muscle). This figure of 65 mg. per 100 g. has been previously 
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obtained by direct chemical analyses. Only one-fifth therefore of the 
‘total creatine” of resting muscles is actually present as creatine. 

2. In the case of fatigued muscles equilibrium is obtained at concen- 
trations of 200 to 300 mg. creatine per 100 c.c. of solution. It seems 
probable, therefore, that stimulation to fatigue trebles the amount of free 
creatine. 

8. Urea distributes itself between resting muscles (frog’ s sartorii) and 
surrounding isotonic salt solutions in such a manner as to indicate that 
the whole of the water in the muscles is capable of dissolving urea. 


I am deeply indebted to Prof. A. V. Hill for help and advice gener- 
ously given, 


The cont of the materials and apparatus inthis work was met by «grant from 
the Medical Research Council, 
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THE EFFECT OF CARBON DIOXIDE ON THE 
CIRCULATION. Part I. 


By R. J. 8. McDOWALL. 


‘ | (From the Department of Physiology, U' niversity of London, 
| King College.) 


In 1918 Yandell Henderson [1918] found that in anesthetized animals _ 
a over-ventilation caused a fall of blood-pressure. This was shown by 
a | Dale and Evans [1922] to be due to the effect upon the medulla of the 
| washing out of carbon dioxide. In a more recent paper, Vincent and 
| Thompson [1928] have emphasized that a certain degree of hyperpnea 
will cause a reduction of the blood-pressure in man. These investigations 
were, however, dealing with short periods of forced breathing but not 
with a profound change in the tension of carbon dioxide: indeed, they 
state definitely that the rapid and deep breathing performed for 30 
seconds did not cause apnea. Collier, Densham, and Wells [1927], 
on the other hand, in an investigation in 1927, confined their attention 
to the effect of over-ventilation maintained sufficiently long to produce 
a fall of alveolar carbon dioxide and prolonged apnoea, and found that __ 
in 60 p.c. of the subjects examined the apnoea was not accompanied by 
a fall of blood-pressure. This work supports that of Henderson [1920], 
Hill and Flack [1910] and of Boothby [1913] in Oxford, all of whom 
pointed out that forced respiration did not always bring about a fall of 
blood-pressure in unanssthetized man. This has since been confirmed 
; by Schneider [1930]. The present investigation arose from the finding 
5 | that in certain circumstances an over-ventilation sufficient to cause a 
‘ prolonged apnoea in many animals does not cause a fall of blood-pressure, 
indeed, the evidence goes to show that the fall of blood-pressure when 
it occurs during over-ventilation may depend on the anesthetic. This is 
= | shown by the following experiments: 
| The of ini onimols ender chloraloes, 
2 | _ This effect depends on the animal under investigation, and the results 
| may conveniently be described in two categories: 


(1) Those in which a fall is caused; and 
~ (2) Those in which no fall, or even a rise, is caused. 
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be beet with adequately by Dale and 
Evans [1922]. 


(2) If a suitable adult animal is anesthetized with chloralose and 
allowed to remain undisturbed for two or three hours, the fall of 
blood-pressure caused by over-ventilation is often negligible and may 
be considered to be wholly due to mechanical interference, since the 
moment the over-ventilation by means of a bellows ceases the blood- 

returns at once to normal. Commonly there follows a tem- 


pressure 
porary rise of the blood-pressure above normal (Fig. 1A). The efficiency 


Wig. 1 An example of over-ventilation (AR-O): (A) under chloralose anesthesia, and 


(B) in the same animal after the subsequent administration of ether. In (A) the over- : 


ventilation was sufficiently severe to produce tetanic twitchings of the muscles. There 
is little or no fall during the over-ventilation but a considerable rise following it. 
In (B) a large fall of blood-pressure occurred, although the over-ventilation was 
appreciably less. 


of the over-ventilation in washing out the carbon dioxide is undoubted, 
since respiration may remain at a standstill for over a minute, and the 
_ marked tetanic spasms known to be produced by over-ventilation may 
be evident. Further, as we shall see, the same over-ventilation may 
produce a fall in the same animal under ether. 

The absence of the depression that occurs in other circumstances is 
not related to the height of the blood- -pressure, and in each instance care 
has been taken to ensure that the animal was not in any way acapnic. 
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, anesthetized: there is & limit to the extent to which the blood-pressure 


may be lowered by washing out carbon dioxide. 

In two animals apparently otherwise normal the ovet-ventfiation 
actually caused a rise of blood-pressure, but they are important as they 
apparently serve as a key to the problem (Fig, 2), in that they indicate 
that under some circumstances a definite pressure effect may be pronget 


about by the 


Fig. 2. The animal was over-ventilated between the arrows. 


The effect of over-ventilation in animals under ether. 

In all animals under ether anzsthesia the typical result is seen which 
was obtained by Dale and Evans (Fig. 1B). Any degree of over- 
ventilation sufficient to cause apna is always accompanied by a fall of 
blood-pressure, | 

If the ether is administered to an animal already anwsthetized with 
chloralose all degrees of fall in blood-pressure may be recorded with an 
equal degree of over-ventilation, as judged by the length of the apnea 
(Fig. 3). : 
It is observed, ‘meee. that not only does the total fall of pressure 


vary, but under the ether anzsthesia the fall of pressure is rapid and 
the recovery slow, while under chloralose alone such fall as occurs is 


slow and the recovery is relatively rapid; moreover, after over-ventilation 
20—2 
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the blood-pressure may rise to a higher level than before,and remain 
at that level for several minutes. This may occur, although the arterial 
pressure has not fallen during the over-ventilation. oo : 


The effects of over-ventilation on the decerebrate animal. 

Dale and Evans [1922] recorded that over-ventilation caused a fall 
of blood-pressure in the decerebrate animal, but at that time it was not 
known that the effect of ether is so prolonged as Macdonald [1926] 
has shown it to be. He has shown, for example, that the depressor action 
of minute doses of adrenaline is not seen in the decerebrate animal if 
sufficient time is given for the ether to wear off. _ 

In the present experiments I have found that, if time is given to 
exclude the effect of the ether, over-ventilation does not always cause 
a fall of blood-pressure (Fig, 4). : 


| 


| Wd 


Fig. 4. The effect of over-ventilation in a decerebrate animal. Record of blood-pressure — 
and respiration.. The animal was over-ventilated between the arrows. 


’ The influence of over-ventilation on reaction to posture. 

Although the blood-pressure does not fall, it is evident that the 
vasomotor centre has been profoundly affected by the over-ventilation 
as the experiments of Dale and Evans suggest. This is seen in those 
animals whose blood-pressure recovers well after they are placed in the 
vertical feet down position. In some animals such recovery is complete, 
unless they have been over-ventilated, in which case they fail to recover, 
although the blood- -pressure has not been appreciably changed by the 
over-ventilation (Fig. 5). This failure is not dependent in any way on. 
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the mechanical effect of the over-ventilation or on any change in the 
“respiratory pump” which was shown by L. Hill [1895] to be important 
in recovery; for similar results are obtained if the animal is caused to 
over-ventilate itself by stimulation of a sensory nerve, and in animals 
in which after over-ventilation, as sometimes occurs, the respiratory 
centre has ceased to act and which are kept alive by artificial respiration. 
In such circumstances the changes in the vasomotor centre are brought 
about by changes in the extent of the aMificial respiration; recovery of 
the tone of the vasomotor centre takes place if carbon dioxide and 
oxygen are administered (Fig. 6). Spontaneous recovery of the centre, 
however, is often prolonged, as tested by the response to posture, 
although the respiration of the animal becomes normal. 


“Ses Record of blood-pressure of a decerebrate cat breathing 


naturally throughout. 
At A the animal was placed in the vertical feet down position and at B it was re- 
turned to the horizontal position—in each instance. At D a mixture of 5 p.c. carbon _ 
dioxide and 95 p.c. oxygen was administered. In this instance the over-ventilation 
occurred as @ result of the sensory stimulation of the decerebration. 


The effect of over-ventilation on limb volume. — 


- The method used was to place the limb inside a plethysmograph 
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portant modification of the usual method was the use of Bateman’s 
cement instead of paraffin for attaching the rubber to the skin. This 
preparation (designed for the purpose of attaching rubber soles to leather) 
has been found to be an ideal preparation for attaching rubber to skin. 
The preparation is readily available in tubes, it makes a firm and air- 
tight junction with the skin in a few minutes, and by its use what has 
been generally recognized as an uncertain operation—because of the 
difficulty of obtaining a joint that is air-tight and at the same time does 
not compress the limb—has become extremely simple. 

In the experiments of Dale and Evans it was found that over- 
- ventilation caused an increase in the volume of the limb while, if the 
limb was denervated, no appreciable change occurred. In unanmsthetized 
man a decrease of limb volume was noted by Nahun siti and by 
Schneider [1930]. 


Fig. 7. Record of blood-pressure (2.r.) and of the volume of a denervated hind limb in 
animal under chloralose, The animal was over-ventilated between O and 
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Under chloralose anwsthesia there is a fall in the volume of the limb 

in the intact limb, and still more definitely in the hind limb in which 
the anterior crural and sciatic nerves have been cut (Fig. 7). 

_ When the arterial pressure falls, the fall in limb volume may in some 

degree be considered to be increased by the fall, but this effect is much 

less than might be imagined since a greater fall of blood-pressure caused 

by other means—e.g. by stimulation of the peripheral and of the vagus— 

causes less reduction in limb volume. 

This diminution of volume on over-ventilation can be shown definitely 
to be an active process. It occurs whether or not the over-ventilation 
causes a fall of blood-pressure (Fig. 8). In one very significant experi- 
ment, after the animal had been under the anesthetic for seven hours and 


Fig. 8. Record of blood-pressure (B.P.) and of volume of a denervated hind limb (LV) 
of a cat under chloralose. Between 0 and N the animal was over-ventilated. 
At H 0-05 mg. of ergamine phosphate was injected to test the movements of the 
recorder. 


the reactions had become somewhat slow, the over-ventilation caused a 
fall of blood-pressure; but this was slowly recovered from while the limb 
volume fell throughout (Fig. 9). 

The most striking proof that the reduction of the limb volume is same 
to an active process is the fact that ether abolishes the fall in limb volume 
caused by over-ventilation in an intact or denervated limb, and the 


xe 
Ag 
>: 
oA 
4 
> 
is 
i 
of 
4 
3 
3 
3 
> 
> 
q 
a 
ay 
a 


310 J. 8. MoDOWALL. 


negative result, obtained by Dale and Evans, is obtained. os 
the limbs made no difference to the result (Fig. 10). . 


me Record of blood-pressure (B.P.) and volume of denervated hind limb (LV) in a 
Se cat seven hours under chloralose. Between O and N the animal was over-ventilated; 
at H 0-05 mg. ergamine phosphate was injected as a control. Corresponding points 
O are shown on both records. The arc described by the writing point of the volume 
recorder is shown. 


Fig. 10. Reoggd of blood-pressure (2.P.) and hind limb volume (LV) 
of a cat under chloralose, nerves intact but limb skinned. 


In Fig. 11 is seen the effect of administering ether to an animal under 
chloralose. Under chloralose alone, in Part I of the tracing, the over- 
ventilation causes a fall of limb volume. On the administration of 
ether (2) this diminution passes off, although the blood-pressure has 
fallen to a greater extent than before, while, as the effect of the ether 
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passes off the volume diminishes again, (3) and (4). The effect of ether 
was again repeated at # in (5), in which the over-ventilation was con- 
tinued for a longer period. The effect of the ether in dilating the limb, 
shown by Dun] op [1929], is confirmed in these figures. 

Here we see the explanation of the admittedly discordant results ob- 
tained by Dale and Evans who found in animals in which the central 
nervous system had been destroyed that over-ventilation caused a rise 
of blood-pressure, while in other animals a denervated limb did not show 
any diminution in volume. The difference appears to have been that the 
limb volume was recorded in anesthetized animals, while the rise of 
blood-pressure was obtained from carcases which no longer required an 
anesthetic. ‘It is interesting to remark that the ether cuts out the con- 
strictor effect of over-ventilation, just as Dunlop showed it cuts out 
_ the constrictor effect of small doses of adrenaline. —_ 


Discussion. 


The fact that over-ventilation does not always cause a fall of blood- 
pressure in man, and may not in animals anesthetized with chloralose, 
opens up some very interesting points. | 

It is evident that the loss of tone caused by washing out the carbon 
dioxide does not affect all blood vessels alike. 

The explanation suggested is that the over-ventilation has two effects, 
a dilatation of vessels in certain regions of the circulation resulting from 
loss of tone in the vasomotor centre, and constriction in other regions 
produced by a different mechanism; when there is no fall it is because 
these two effects compensate each other, and when the pressure rises it 
is because the second effect outlasts or exceeds the first, Ether paralyses 
the machinery responsible - this second or compensating effect, 
chloralose does not. 

A large number of experiments have been carried out to determine 
the nature of the compensation, their main objects being to bring 
the compensation into operation, so that it would not be available to 
compensate for the over-ventilation. These were especially hemorrhage, 
histamine, pituitary extract, skinning and evisceration of the animal. 
No procedure or substance other than ether and chloroform were dis- 
covered which would cause the over-ventilation to bring about a fall of 
blood-pressure in an animal under chloralose in which this did not occur. 

That the compensation is humoral rather than nervous is shown by 
the experiments on the volume of the denervated limb. The absence of 
cardiac acceleration, dilatation of the pupil and the absence of a rise in 
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blood-pressure negative the production of any vaso-constrictor substance 
such as adrenaline or pituitary extract. 

The possibility of the skin vessels being specially concerned was 
suggested by the fact that, in ordinary fainting when there is a general 
dilatation of internal vessels, there is intense skin pallor. It cannot be 
held that the skin vessels have constricted as a result of the fall in blood- 
pressure, since the pallor persists after the pressure has returned to 
normal. This I have confirmed in a student who fainted during a class 
demonstration. It has been suggested, according to Luciani [1911], by 
Heidenheim that the vessels of the skin are differently controlled from 
those of the muscles. Over-ventilation in many persons is accompanied, 
e.g. in the writer, by intense pallor; and it has been found by Collier, 
Densham and Wells [1927] that in an individual whose blood-pressure 
was not lowered by over-ventilation, a fall occurred if the skin vessels 
were paralysed by a hot bath. An actual diminution of the skin circu- 


lation during over-ventilation in man has been shown by G. N. Stewart 


[1911] usimg his calorimeter method. This has been confirmed by 
Schneider [1930]. 

Further, the action of ether inhalation on the vessels of the skin is 
very marked; the vaso-dilatation in man is generally recognized. In 
animals there is, as shown by Dunlop [1929], a large increase in the 
limb volume, and this indicates why the action must be looked upon as 
in the nature of a paresis. The experiments in which the limb was skinned, 
however, indicate that the compensation is not confined to the skin. — 

The simplest explanation of the compensation appears to be that 
just as the capillaries are dilated by carbon dioxide and the centre is 
stimulated by carbon dioxide, so the opposite may occur if the carbon 
dioxide is washed out. That alkalinization of the capillaries causes them 
to constrict has been described by Stricker, Goluben, Tarchanoff 
[1921] and by Hemingway and McDowall [1926], while Dale and 
Evans have shown that in an animal whose central nervous system — 
has been destroyed, and which presumably was no longer under the 
influence of anesthetics, over-ventilation causes a rise in blood-pressure. 

This view is supported by the experiments of Collier, Densham — 
and Wells [1927], who compared the effects of over-ventilation with 
and without compression of the veins to a limb upon the electrical re- 
‘sistance of the skin. They showed that the effect was very much greater 
if the carbon dioxide was allowed to be washed out of the limb than if 
it was not. 

We may consider that the diminution of the activity of the vasomotor 
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centre results in a dilatation principally of relatively large vessels, and 
that as a result of the over-ventilation the peripheral resistance is shifted 
to smaller and more peripheral vessels. This is supported by the finding 
that the reaction to histamine may be enhanced by over-ventilation 
although the blood-pressure has not fallen (Fig. 12). 


Fig. 12. The effect of over-ventilation on the response to histamine 
(ergamine phosphate) injected intravenously. 


It is of interest to note that such a transference of the peripheral re- 
sistance to more peripheral vessels may be of importance in rendering 
this resistance more liable to be reduced by the metabolites of the tissues 
which come into more immediate contact with the smaller vessels. Thus 


the increased ventilation which may occur before anticipated amt 


may be of value. 

_ The explanation indicates also why after over-ventilation the blood- 
pressure may rise above normal under chloralose. The peripheral con- 
strictor effect on the vessels may be considered to outlast the central 
dilator effect since if the more peripheral vessels become closed their 
opening must depend on the accumulation of metabolites locally, while 
the vasomotor centre immediately recovers its activity because the blood 
is circulating through it. We 

This explanation of the results has a new and very interesting 
corollary that the normal carbon dioxide content of the blood 
maintains a peripheral dilatation of minute vessels just as 
it maintains a central stimulation of the vasomotor centre. 
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Summary. 
Over-ventilation under chloralose has been shown to cause two effects : 
one, dilatation of vessels due to central effect, and the other a constriction — 
of smaller more peripheral vessels due to the effect of washing out carbon 


dioxide locally. 


Either effect may predominate, and the result be a fall, no change, 
or a rise in blood-pressure. 

- Ether abolishes the more peripheral effect. 

The reaction of the circulation to changes in aioe are shown to 
be profoundly affected by over-ventilation. 

The evidence suggests that the normal carbon dioxide of the arterial 
blood exercises a dilator effect on the more peripheral vessels. 

Reasons are given which indicate that these results are applicable to 


normal man. 


This investigation was assisted by a grant from the Government Grants Committee 


of the Royal Society. 
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EXCITABLE SUBSTANCES IN THE NERVE-MUSCLE 
COMPLEX. 


By W. A. H. RUSHTON. 


Laboratory, Cambridge, andthe Johnson Foundation 
: for Medical Physics, University of Pennsylvamia*.) 


During the last two decades the importance of the time factor in the 
electrical. excitation of tissues has been very widely recognized, largely 
owing to the work of Lapicque and his school. From the time of 
‘Hoorweg and G. Weiss it has been known that an important. factor 
< In the efficacy of an exciting current was its duration, for as this was 
‘ diminished the strength of current had to he imcreased. in order to 
| ___ produce the same effect. The curve relating current strength with the 
duration required to produce a threshold excitation has been the subject 
of a great many researches, mainly directed towards an analysis of the 
underlying physical mechanism. The aspect, however, with which the 
present paper is concerned relates rather to a more empirical develop- 
ment due to Lapicque. He has worked with excitable tissues of very 
different kinds, as a result of which he has put forward two important 
generalizations. 
_ The first is that the strength-duration curves of all tissues wiliesinaide 
if they are suitably scaled. The unit for the intensity seale may con- 
veniently be taken as the least current which will excite however long 
it lasts. This is called the “‘rheobase.” A current of twice this intensity 
will excite if it lasts a comparatively short while, and the minimum 
effective duration may Ke taken as the unit for the time scale, It is called 
the ‘‘chronaxie.” The absolute value of the rheobase is of small signific- 
ance, since it is so largely determined by the resistances in series and 
parallel with the tissue, e.g. connective tissue, interstitial fluids, etc., 
but the absolute value of the chronaxie is relatively constant and 
Lapicque’s second generalization may be stated in terms of this 
measure. If two tissues are in physiological connection so that an 
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impulse will pass from one to the other (e.g. nerve and muscle), the 
chronaxies of the two must be approximately the same. Any condition 
which produces a change in chronaxie so that the two differ by more 
than a ratio 1:2 will produce a state of curarization, 1.e. an impulse 
can be propagated over either tissue, but it cannot be conducted from 
one to the other. 

Although these conclusions of Lapicque are very widely. known 
and accepted, there exist some observations which are difficult to re- 
concile with them, notably those of Keith Lucas [1907-8].. He excited 
a toad’s sartorius through his “fluid electrodes,” and found that the 
chronaxie of the muscle in the nerve-free region near the. pelvis was 
many times longer than that of nerve. When the middle region of the 
muscle was excited he obtained evidence of three substances, (a) with 
the long chronaxie just mentioned, (y) isochronous with nerve, and 
(8) with a chronaxie shorter than nerve. Several suggestions have been 
advanced to account for the discrepancies between the observations of 
Lapicque and of Lucas [Davis, 1922-3; Jinnaka and Azuma, 
1922-3; Watts, 1924-5], but the most detailed analysis of this ques- 
tion has been presented by Lapicque himself [1926]. He points out 
three sources of error which may have been present in Lucas’s work. 

(a) The fluid electrodes may have produced anomalous chronaxies 
by distortion of the lines of current flow in their neighbourhood. 

(6) The tissue may not have come into equilibrium with the Ringer’s 
fluid, so that the condition of the superficial fibres differed from that of 
the deep ones, and thus accounted for the different « and y substances. 

(c) Lucas’s evidence for the presence of more than:one:x¢itable 
substance lay in the discontinuities i in the slope of the strength-duration 
curves. It might be possible to account for these discontinuities on the 
grounds of experimental error. 

These three possibilities show very clearly how Lucas’s siecle 
might have been due to errors, but this is not the same as saying that 
in point of fact they were. The present work is an attempt to investigate 
this point by a method which in one respect has a distinct advantage 
over that of Lucas. Whereas he had to rely largely upon chance to 
obtain his two types of curve in such relative prominence that the break 
between them was conspicuous, it is possible by the technique developed 
in the present paper to control this relative prominence, and thus to 
obtain curves with breaks so situated that their dual nature is beyond 
question. In this way it will be shown that, after precautions have been 


taken to avoid the objections (a) and (6) above, discontinuities in the | 
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strength-duration curves may be obtained similar to those of Lucas 
and which lie far outside the limits of experimental error. These experi- 
ments will also throw a little further light upon the nature of the a and y 
substances, but the B substance will not come under discussion because 


Electrodes, 

It is not easy to get a precise idea of what is meant by “distortion” 
of lines of current flow, or why Lucas’s electrodes are said to err in 
this respect more than certain other varieties of electrode. The expression 
(which has been used by several writers [Jinnaka and Azuma, 1922-3; 
Lapicque, 1926; Orzorio, 1927]) seems to imply the conception of an 
ideal undistorted arrangement of lines of flow, to which certain con- 
ditions approximate more closely than others. This ideal condition has 
not been defined, to my knowledge, but one would suppose that, if the 
tissue were placed in a uniform electric field, the lines, being all straight 
and parallel, would be less distorted than in any other arrangement. 
This naturally applies only to the space outside the tissue. Within, the 
distribution of current is a matter for conjecture or calculation. If the 
refraction of lines of flow at the surfaces in the tissue is included in the 
“distortion”’ produced by the electrodes, then there will be “distortion” 
whatever electrodes are used, and the best that can be done is to use ~ 
an arrangement where the potential on the outside of the tissue is known 
at all points, as being indispensable information for the knowledge of 
the distribution of the current within. For nearly all the experiments 
in this paper, therefore, the muscle was placed, either entirely in a 
uniform electric field, or with a portion in such a field, the remainder 
being equipotential. 

In order that the various fibres of the muscle should be as sdihinaly 
situated as possible with respect to the electrodes, it was important that — 
the muscle should be thin and its fibres parallel. These conditions are 
satisfied by the sartorius and the sterno-cutaneous muscles which were 
used in the experiments to be described. 


MUSCLE IN EQUILIBRIUM wiTH RINGER. 


‘These experiments were performed in Cambridge upon R. seciesiinasi. 
The sartorius muscle was dissected out, either still attached to the pelvis 
or else tied and cut close to the origin. The muscle was left in Ringer’s 
_ fluid in an ice chest for from 6 to 24 hours. At the end of that time it 
was set up and stimulated still immersed in the same fluid, which was 
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first allowed to attain room temperature. In view of the thinness of the 
muscle, and the length of time allowed, there can be little doubt that 
equilibrium had been established, and evidence will later be presented 
to show that even were this not the case it would not account for the 
discontinuities obtained. The trough in ‘which the musele was placed 
has been described elsewhere [Rushton, 1927]. It was of glass, square 
in plan, and Ag-Ag(l electrodes filled two opposite sides, so that current 
flowed in the solution between these in parallel lines. The trough was 
mounted on a turn-table so that it could be rotated below the muscle, 
which was suspended in a horizontal plane by hooks attached to a fixed 
stand. The contraction of the muscle was observed in some cases directly 
by eye, and sometimes by connecting one of the hooks to a light torsion 
lever. The stimulus was a constant current whose strength was controlled 
by: a low resistance potentiometer of the slide-wire type, and the dura- 
tion by a Lucas long-range pendulum. The turn-table was set so that 


the current flowed at any known angle with the muscle, and the strength- — 


duration curve obtained. Then the angle was changed and the curve 
repeated. . 

When a straight stretch of nerve is treated in this fashion [Rushton, 
1927] it is found that the various curves obtained have always the same 
chronaxie, though the rheobase changes greatly!. It would, therefore, 
be expected that the muscle curves could also be made all to coincide 
by suitably scaling the intensity axes. This, however, is by no means 
the case. Fig. 1 shows three curves taken from a set made at different 
angles on a single preparation. The magnitude of the experimental 
“points” represents the limits of experimental error, ¢.¢. a strength 
equivalent to the upper limit of the line always excited, while that 
corresponding to the lower limit never did upon alternately applying 
these two strengths two or three times. In all these curves when a dis- 
continuity was obtained, this portion of the curve was re-investigated 
in the reverse order and no weight was attached to the observations 
unless the curve was re-obtained within the recorded limits. In Fig. 1 
the curve for 160° shows an obvious discontinuity which is far outside 
the limits of experimental error. The natural interpretation is that of 
Lucas, namely, that two substances are present, and that the slower of 
them is more excitable at long durations, 

_ ‘This view would be considerably strengthened if curves for the two 
substances could be obtained by themselves for comparison. This can 
be done in many cases by choosing a favourable angle, and these two 

2 The rheobase varies inversely as the cosine of the angle between current and nerve. 
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‘primary curves are given also in Fig. 1, where it is seen that the com- 
‘posite curve coincides almost exactly with the 180° primary for dura- 
tions less than 150, but for longer durations the ordinates are nearly a 


| current and muscle. Sise of“ pointa” represents limits of error. Abscissee: duration ing. 


‘constant fraction of those for the 0° primary. It would be expected that 
the composite curves might be made up of the primaries in any propor- 
‘tions, and this is found to be the case, for, whenever the two primaries 
_ ‘can be obtained by themselves, the ebm ponite curves may be found in 
any intermediate proportion. Fig. 2 shows on a reduced scale a set of 
such curves-from a single preparation, which is in complete agreement 
with the conception of two . substances of very different 
chronaxie. The repetition of the curve at the end of the experiment 
(360°) shows a slight change of threshold, but io essential change of form. 
‘The briefer of these two substances is isochronous with nerve and 
corresponds to Lucas’s y substance and to Lapicque’s normal muscle 
substance. The other substance presumably corresponds to Lucas’s 
« substance although the chronaxie is somewhat longer. However, it is 
known that chronaxie increases with increase in the length of fibre 
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exposed to the stimulus [Cardot and Laugier, 1914], and, as this 
length is some ten times as great as in Lucas’s experiments, it will 
— account for the difference. | 


Fig. 2, curves frou: one. foe ‘various angles: bebween 


-ourrent and muscle, About ten points on each curve, Limits of error within the 
thickness of the line of the curve unless shown. Abscissw; duration in o, 


It is obvious that by this form of analysis the a and y curves can 
only meet, but never cross. Lucas in his paper drew the curves crossing, 
in order the better to illustrate his conception of two excitable substances, 
and this Lapicque criticizes on the grounds that it emphasizes the 
_ double nature of the curve in a way which the experimental points do 
not warrant. On one occasion, however, a chance circumstance afforded 
me data which actually justify the a curve being produced into sag 
y region in accordance with Lucas’s conception. 

Afters nerve lana been left. in loe-cold Ringer sll night and is then 
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first excited at-room temperature next day, the initial threshold is often 
somewhat above normal, but as soon as it has been adequately stimu- 
lated the threshold falls to a stable value some 15 p.c. lower. I have 
not investigated this matter, but I have noticed it on several occasions 
and it appears to be involved in what follows. The muscle was left cold 
over night, and next day the series of curves in Fig. 3 was obtained in. 


100 


60 ~ 
XN 
4 * 
— | 
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Fig. 3. Strength-duration curves from one sartorius muscle for various angles between — 
current and muscle. Abscisss: duration in c. The 60° curve exhibits two “anomalous” 
a points, indicating clearly the difference between the a and y parts of the curve. 
Some of the experimental ‘ “points” 
may be seen in Fig. 4. 
order from 40° to 90°, cares. bom 
right to left, and, at the place where it is shown to meet the » curve, no 
discontinuity was observed, but the next two points on the @ curve 
_ were obtained. As this last point was being confirmed, however, suddenly 
a large contraction resulted, as though some new set of elements had 
suddenly come into action, and the threshold fell to the level represented 
by the y curve. A re-determination now in the reverse order kept to 
the y curve until it met the a, which was thereafter followed. It appears 
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that the y substance behaved like nerves that have been left in the cold, — 


and, since in the course of the investigation it had not yet been excited, 
the y threshold was abnormally high. As soon, however, as the a curve 
exceeded this high threshold, the latter fell to a stable value, leaving 
the two « points to testify where the a curve would be found if the 
curve did not coverit. = 
Further confirmation may be obtained by reducing the intensities 
of all the curves, as in Fig. 4, so that they coincide at a duration of 30c. 


— 


Fig. 4. The results of Fig. 3, Ordinates all scaled to coincide’ at 300 except ifor lowest 
curve which is scaled to coincide with y curve at 4-50. | 


In this cage, with the exception of the curve for 60° (crosses), all the 
points lie on one or other of two curves, either a or y. The 60° curve is 
seen to coincide with the @ curve for long durations, but at 4-50 it 
breaks. away and runs quite apart. It will be noted that the part of the 
curve which deviates from the @ portion is exactly the part which in 
the former analysis we concluded to be y. And it is significant that the 
anomalous two points above the y rheobase which were supposed to be 
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« points are actually found to continue on the.a curve (large crosses). 
To show that the so-called y portion of the 60° curve is in fact a y curve, 
we may adopt a different scaling for this curve, which is shown in 


Fig. 4.a8 the lower of the two curves of crosses. The scale is such that, 


at the point where the supposed y portion meets the @ portion, it also 
coincides with the main y curve. It is seen that not only does this one 
point coincide, but the whole curve fits with an accuracy which leaves 
no doubt that this portion is a y curve. In this example, therefore, the 
evidence for two different substances is exceptionally strong. It must 
be stated, however, that often it is not possible to take the a and y com- 
ponents of the complex curves and make them coincide so accurately 
as this with the primaries by scaling the intensity axis. This will be 
discussed later in the paper, when further evidence has been presented ; 
at the moment the conclusion I wish to draw is that, in conditions 
where electrode distortion and lack of equilibrium with the Ringer have 
been reduced to a minimum, there are beyond doubt two kinds of ex- 
citable substance. One of these is isochronous with nerve, the chronaxie 
of the other is some twenty times as great and, although there may be 
some fluctuation around these values at various angles, there is no trace 


of intermediate substances bridging the gap between the a and the y. 


MUSCLE IN FRESH CONDITION. 


In the foregoing work the precaution which has been taken to ensure 
that the muscle is in equilibrium with its surrounding fluid automatically 
exposes the investigation to a criticism of a different kind. It is possible 
that some of the muscle fibres have undergone some change analogous 
to fatigue or degeneration, both of which Lapicque claims to prolong 
the chronaxie of muscle, and that in fact the y substance represents 
normal fibres while the a substance represents those fibres which have 
been modified. If this view is accepted, three consequences should follow. 

(1) Determinations upon a freshly excised muscle should give only 
y curves and no a. 

(2) As the survival changes occur-the chronaxie in certain fibres 
should begin to lengthen gradually. nea 
(8) As some fibres would be affected before others we should. 
intermediate stages between a and y. 

Of these (2) and (3) have not been observed. No bcsles aka ae: 
gations were made, no definite transition chronaxies between «and 'y 
were ever seen. (1) however is very nearly true, for a freshly excised 
muscle generally shows no more than a minute portion of a curve which 
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may appear below the y rheobase at very long durations. But the fact 
that this small portion is often detectable suggests that the a substance 
is not absent in the fresh preparation, but merely obscured by the 
greater excitability of the y substance. The truth of this's on 
would be demonstrated if the @ curve could actually be obtained in a 
fresh preparation by the use of some form of stimulus which favoured 
exeitation of ¢ relative to y. This can be done (as Lucas showed) by 
restricting the stimulus to the pelvic region of the muscle, and by this 
means it will be seen that the a substance is a normal constituent of the 
nerve-muscle complex, even in the fresh preparation. = : 
These experiments were performed at Philadelphia upon Rana pipiens, 
and the results appear to be completely comparable with those upon 
Rana temporaria. In the experiments, such as that from which Fig. 5 


Fig. 5. Strength-duration curve from sartorius of spinal frog. Abeclees: duration in o. 
3 


from the surface of the sartorius, the tibial tendon tied, cut and fixed 
to a light leyer and the connective tissue in the neighbourhood freed. 
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The electrodes were glass tubes containing Zn—ZnSO,—Ringer agar— 

Ringer cotton wool. They were applied to the pelvic third of the muscle, 
the cathode being nearer the pelvis, the skin was drawn round, and 
exposed parts were covered by moist filter paper or skin from another 
frog. The strength-duration curve was obtained, and then at once re- 
peated in the reverse order as a control for variability of threshold. 
Alterations in contact at the electrodes and drying do not allow of the 
same order of accuracy as with fluid electrodes, but Mig. 5 shows that 
an @ and a y curve are undoubtedly present. 

In the experiment from which Fig. 
mined from left to right as fast as possible to minimize drying, etc., and the curve appeared 
to show a discontinuity around 3c. This was confirmed by the re-determination from right 
to left (black circles) where a closer inspection of the region of 3c leaves no doubt as to 

the break in the curve, ; 

Since in this case the muscle is still connected to the circulatory and 
central nervous systems, it is difficult to suppose that the a curve 
represents anything in the nature of degenerated fibres. There was little 
danger of reflex activity confusing the above observations. Occasionally 
reflex responses were observed, but they were easily distinguished from 
the simple twitch by their long latent period and the tetanic nature of 
the contraction. However, as a control, on some occasions the nerve to 
the sartorius was cut and observations repeated with er the 
same results as before, 

A freshly excised muscle is capeble of giving ‘cai of aeneiceablo 


accuracy in the apparatus shown in Fig. 6. This consists of a rectangular 


Wi 


Fig. 6. to paris of muscle. 


ebonite trough, along the floor of which lies the muscle pinned through 
the pelvis and attached at the other end to a light torsion lever. An 
_ ebonite block fitting the cross-section of the trough, and 1 cm. long, is 
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pressed from above near to meet the upper surface of the moscle, and 
the trough is filled aren sc fluid. The current is led through a 
non-polarizable system to either side of the block, and in passing beneath 
it the current density is so great that, in comparison, all other parts of 
the trough are nearly equipotential. The muscle is, therefore, practically 
in @ uniform field below the block and equipotential elsewhere. A non- 
inductive resistance of 10,000 ohms was placed in series with the tissue, 
and the slide-wire was replaced by a 100 ohm potentiometer in con- 
junction with a voltmeter. Fig. 7 shows the result of applying the block 


Fig. 7. Strength-duration curves from sartorius muscle and nerve supplying it, obtained 


in epparatus shown in Fig. 6, Abscisse: duration in ¢. A, current flowing from left 
right in Fig. 6, B, direction of current reversed. 


to the pelvic region of the muscle. When the cathode lies on the pelvic 
side the a curve (A) is obtained alone. Reversal of the current (B) causes 
mainly y to be obtained. There is a large fall in threshold between 
20o and 00, and if this part of the curve is drawn it is seen that, in this 
region, the a-curve appears below the y rheobase. This demonstrates the 
presence of these two substances fully developed in a freshly excised 
muscle. In this case the nerve trunk was also dissected out (though kept 
well away from the electrodes in the above determinations). A separate 
determination of the curve for this trunk when placed under the block 
demonstrates the isochronism between the nerve and the y substance. 
The block and electrodes could be moved over any part of the muscle, 
and in Fig. 8 are shown several curves from different positions on the 
same muscle. In each case the cathode was at the pelvic end of the 
block and the number of millimetres between this end and the origin of 
‘the muscle is recorded on each graph. The actual experimental points — 
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ate omitted for clearness and because the limits of error barely exceed 
the thickness. of the carve. About ten points go to the formation of 
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Fig. 8. Strength-duration curves from one sartorius muscle in apparatus shown in Fig. 6 
for various positions of block, Abscisse: duration in o. About ten points on each 
curve. Limits of error usually within the thickness of the line of the curve. 


each curve. Six out of the eight curves exhibit a break and may be 
synthesized to a very close approximation by suitably combining the 
primary @ curve shown in the curve for 3 mm. and the primary y curve 
from the 18 mm. determination. In contradistinction to the relatively — 
constant: @ threshold from curve to curve, the variations in the y thres- _ 
holds are interesting: As the cathode moves from the pelvic end of the 
muscle towards the tibial, the y threshold falls to a minimum, then rises 
again and finally disappears. It is hoped m a future publication to 

? The higher threshold in the last curve was probably due to the fact that the muscle, 
being 30 mm. long, was here stimulated through only 6 mm. instead of the normal 10 mm. 
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correlate this ‘with the histology of the muscle, but in this place I simply — 
wish to emphasize the similarity between Fig. 8 and Fig. 2. In both 
cases the composite curves are made up of the primary @ and y curves, 
which are found combined in various proportions, and, since this appears 
to be the case no matter whether the tissue is freshly excised or 24 hours 
old, it seems legitimate to conclude that the two substances are normal 
constituents of the nerve-muscle complex. 7 


eee OF THRESHOLD WITH ANGLE. 


i the first part of this paper, experiments were quoted in which 
the stimulating current was sent at various angles with the muscle fibres 
and strength-duration curves were taken and compared. The only features 
then considered were the chronaxies and discontinuities observed; the 
absolute magnitudes of the threshold were neglected. A study of the 
latter, however, proves to be of the greatest value in giving information 
as to the anatomical arrangement of the a and y substances, and we 
proceed at once to show how this analysis is brought about. ) 

It has been known for a very long time that a nerve is inexcitable to 
a transverse current [Albrecht, Meyer and Giuffre, 1880]. Du Bois 
Reymond suggested that the transverse component of any current is 
ineffective, so that the efficacy is always proportional to the component 
resolved parallel to the nerve. A great many investigators have con- 
firmed the truth of this suggestion to a greater or lesser extent, and within 
the last few years it has been shown mathematically to be a consequence 
of the assumption that a nerve fibre has a resistant polarizable sheath 
and a relatively conducting core [Rushton, 1927]. Now in muscle the 
same anatomical considerations apply, and it might be expected that 
the same relations would be found, especially since a curarized muscle 
_ cannot be excited by a strictly transverse current [Leicher, 1888]. It is 
therefore extremely likely that, in muscle as in nerve, if a current makes 
some angle with the tissue, its efficacy will be proportional to the com- 
ponent resolved parallel to the direction of the fibres. As will be shown, 
this expectation is actually the case. 

_ There is a certain method of representing this relation between 
_ threshold and angle which is extremely easy to interpret. Let the broken 
line OP, (Fig. 9) represent the direction of the muscle fibres. Then if a 
certain stimulus was sent in at an angle of 20°, 40°, 60°, with the muscle, 
draw from a fixed point O a line OP,, OP,, OP, making these angles 
respectively with the broken line. Let the lengths of the lines OP,, 
OP,, OP, be proportional to the threshold strength for the corresponding 
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direction. Then, since the stimuli are each threshold, they are each 
equally effective, and hence, according to du Bois Reymond’s sug- 
gestion they each have the same component resolved along the broken 


line, But this means that the perpendiculars from all the points P,, 
P,, P, must fall on the same point P,, or that all the points must lie 
on a line perpendicular to the line OP, representing the direction of the - 


muscle, This is what has been found experimentally to be the case. 

Du Bois Reymond’s cosine law for muscle. Since it is essential in 
an investigation of this relation that all the muscle fibres should be 
straight and parallel, the material chosen was a curarized strip from the 
sterno-cutaneous muscle of the American bullfrog. This muscle was 
dissected out, and examined under a low-power microscope. A portion 
(usually near the medial border) was selected where the muscle fibres 
were found to run parallel, and the strip cut out by two cuts as nearly 
as possible parallel with the fibres. The strip, which was 3-5 mm. wide, 
was then re-examined, and satisfactory specimens showed no apparent 
damage to the majority of the fibres. Though these fibres are straight — 
and parallel throughout the greater part of their length, yet at the in- 
sertion into the skin at one end and into the connective tissue at the © 
other, they often become irregular. It is just at these irregular places 
that the cathode lies when the muscle is freely immersed in the fluid of 
the rotating trough, and irregular results were often obtained. This was 
largely overcome by screening the ends, as shown diagrammatically in 
Fig. 10, where the cathode now falls on a regular part of the muscle. 
The results were plotted in the manner described earlier, and they were 
found either to be absolutely straight, or else so nearly so that the 
deviation of one or two degrees was easily within the deviation between 
some of the muscle fibres. Fig. 11 shows, for durations of current flow 
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of 1000 and 30¢, results which lie on lines each perpendicular to the 


Vy 


Fig. 10. Arrangement for screening the two ends of a strip of sterno-cutaneous ) 
muscle immersed in a solution carrying current. 


and muscle, Radial distance from 0 is threshold strength at corresponding angle. 
Results shown for durations of 30¢ and 100¢. te 


re 7 


From these results, which are in complete conformity with expecta- 
tions, we may conclude that a muscle fibre like a nerve fibre is unaffected 
by the transverse component of the stimulating current. Henee, we may 
use this relation to obtain information as to the direction of an unknown 
set of fibres (assumed straight); for if the threshold at various angles is 
plotted as above, then the direction of the fibres: will be at right angles 
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to the direction of the line obtained. This method was applied to the 
tissues exhibiting an « and a y substance with the following results. 
Direction of « and y substances. Experiments were made upon the 
whole sartorius muscle and upon fresh strips of sterno-cutaneous. Owing 
to the greater regularity of the latter, the results are less ambiguous and 
will be considered first. 
Fig. 12 shows that the experimental points lie upon two sets of lines, 


0° 


le 3¢ 10 to100¢ 


Fig. 12. Variation of threshold of fresh strip with angle between current 
and muscle. Direction of muscle is vertical. Angle is that between current and muscle. _ 
Radial distance from 0 is threshold strength at corresponding angle. Results shown 
for various durations between lo and 100c. 


and that the lines in each set are very straight and parallel to each other. 
Such a figure justifies the supposition that we have here to deal with 
two sets of fibres lying at an angle of about 70° with each other. With 
regard to the horizontal set of lines, which corresponds to the substance 
parallel with the muscle fibres, the threshold increases greatly between 
1000 and 30¢, and hence this is the a substance. With regard to the 
other set of lines, the threshold for 1000 is the same as for 10c, and 
hence this is the y substance. It thus appears that these two substances 
may be distinguished by the direction of the fibres as well as by the 
time relations. The a fibres are always parallel to the muscle, but the 
y fibres vary considerably from preparation to preparation and, in 
general, lie somewhat at right angles to the others. : he. 
It is instructive to perform upon this very regular preparation the 
experiment described at the beginning of this paper, namely, taking 
strength-duration curves at various angles. Each angle, of course, corre- 
PH. LXX. 
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sponds to a radial line in Fig. 12, hence the line parallel to the direction 
of the muscle (vertical) will cut only the a set of lines, and the strength- 
duration curve at this angle should be simply an @ curve. In the same 

way the radius at right angles to this will cut only the y parallels, and 
the resulting curve should be simply a y curve. That these expectations 
are fulfilled is seen in Fig. 13. If we now consider an angle intermediate 


Fig. 13. Strength-duration curves from the same preparation as Fig. 12 at the angles 

_ ghown. Absciss#: duration in ¢. The ordinates may be compared with the distances 
from 0 in Fig. 12. 


between these two, say the 45° radius, for durations greater than about 
20q it is seen to cut the a parallels, and for durations shorter than this 
the y parallels. Fig. 13 shows that the curve for 45° has the typical 
break, and passes from a to y at 18c. 

Tt is easily seen from the geometry of Fig. 12 (similar triangles) that 
the @ curves and the y curves found at any angle must all coincide 
exactly when suitably scaled as to intensity. For this case, therefore, 
where the anatomy of the tissue is sufficiently simple to give clear-cut 
results, the evidence for the two different excitable substances is strong. 


_ In repeating these experiments upon the whole sartorius muscle, 
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however, we cannot hope to find the regularity obtainable from a specially 
selected strip of sterno-cutaneous, and we should expect that the sar- 
torius would behave like a bundle of strips set together not quite parallel. 
Fig. 14 shows results which are consistent with this expectation. To 


le 100to3e¢ 0 100 to 3¢ le 


Fig. 14, Variation in threshold of sartorius with angle between current and muscle. 
Direction of muscle is vertical. Angle is that between current and muscle. Radial 
_ distance from 0 is threshold at corresponding angle. Results shown for various dura- 
tions between 0-lo and 100c. Heavy line is the curve for 3c. Within this the a sub- 

__ gtanoe only is excited, outside the y substance only. | 


interpret this figure which appears somewhat complex, we note first 
that the heavy curve which corresponds to a duration of 3c is entirely 
a y curve, for there is but a.small rise of threshold between durations 
8o¢ and le, and in most cases the threshold is the same as that for 10c. 
It is to be noted that decrease of duration produces almost exactly the 
same proportional increase in threshold along each radial line, so that 
the heavy curve for 30 is merely enlarged. This curve requires at least 
four straight lines to pass through all the points, and thus the fibres 
which are responsible for the curve must run in at least four different 
directions. It is clear from the figure that ata duration of 3c the y 
threshold has attained the rheobase, hence no further increase in dura- 
tion can lower the threshold of this substance, therefore everything 
within the heavy 3o curve is due to the a substance. The a lines are 
seen to be very straight, to run in the required direction and to change 
greatly in threshold between 1000 and 30c. From these results we may 
conclude that the a substance in the sartorius as in the sterno-cutaneous 
lies in the direction of the muscle fibres. These fibres in the case quoted 
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are exceptionally parallel, and it is not surprising that in many pre- 
parations the a lines indicate two sets of fibres diverging by as much 
as 10°, The significant fact is that the direction is always approximately 
that of the muscle, and becomes less ambiguous the greater the pre- 
cautions taken to reduce anatomical irregularities. The y substance, on 
the other hand, is very variable from one preparation to another, and 
appears in one and the same preparation to have fibres running in the 
most diverse directions. The fact that it may occasionally exhibit fibres 
running in the direction of the muscle seems to be fortuitous, for often 
no such fibres appear, and even when they do they are usually only one 
of several very different directions. The correlation of this type of 
analysis with histological examination presents some features of interest, 
but this is beyond the scope of the present paper. 

There was one question which arose out of the first part of this paper 
to which an answer may now be given. It was there noted that the 
a and y curves sometimes had slightly different chronaxies at different 
angles, and it is easy to see how this might occur when the fibres are 
not very parallel. For in this case at various angles different a and 
different y fibres would be excited by the minimal current, and if these 
fibres had slight individual differences in chronaxie, variations in the 

strength-duration curves would appear exactly as was often found to be 
the case. It is significant that in the case of strips of sterno-cutancous 
muscle this variation does not occur, but, as was mentioned, the a or y 
curves for all angles can be made exactly to coincide by suitably ‘sey 
the intensities. 

ConcLusions. 

ouvaniil complex there exist an a and a y substance, or whether 
the claims to this effect have been due to experimental errors of one sort 
or another. Electrodes have been used which are considered to reduce 
“distortion” of current to a minimum by applying to part or all of the 
surface of the muscle a uniform electric field. With the use of these, 
evidence for two excitable substances is obtained by two different criteria. 
First, the strength-duration curve of the muscle shows a break which is 
well outside the limits of error; second, the variation of threshold with 
angle shows a transition from a substance in the direction of the muscle 
to one (usually) at a different angle. The possibility that the a substance 
is due to some muscle fibres being not yet in equilibrium with the Ringer, 
or some being fatigued or degenerate, is given no support by the fact 
that curves may be obtained at all stages from spinal animal 
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to an excised muscle after 24 hours’ equilibration with Ringer. Moreover, 
any such explanation quite fails to account for the fact that the two 
sets of fibres lie in different directions. 

It is, therefore, concluded that there are in fact two different sub- 
stances, The y substance, which is isochronous with nerve, so far from 
being the excitable substance of the normal muscle fibre, lies in a direc- 
tion which is usually quite different, and appears to be absent from the 
pelvic extremity of the sartorius; the a substance, on the contrary, seems 
to have the properties of the excitable element of the muscle fibre, both | 
with regard to its direction and distribution. 3 

It is obvious that these results have an important bearing upon 
Lapicque’s theory of curarization, and it is — to discuss this yg 


SUMMARY. 

- Lapicque has claimed that the chronaxie of muscle is normally the 
same as that of the nerve which supplies it; Lucas, on the contrary, 
maintained that there are two excitable substances in muscle of which 
one has a very much longer chronaxie than nerve. 

In the present paper the sartorius muscle was immersed in a trough 
of Ringer’ s fluid through which the current could be sent in parallel lines 
at various angles with the muscle. Since the optimum angle for the 
@ substance is often quite different from that forthe y substance, this 
inethod allows the two to be distinguished and strongly 
Lucas. 

The conclusions from this analysis are stated on the previous page. 


It is a pleasure to acknowledge my indebtedness to Prof. Adrian 
and Prof. Bronk for their encouragement and criticism 
course of this vee. 
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THE ACTION OF BLOOD ON ACETYLCHOLINE. 
By K, MATTHES, 


| (From the National Institute for Medical Research, Hampstead.) 


TuE intense activity of acetylcholine has been well known since its first 
description by Hunt and Taveau [1906]. Dale [1914] emphasized the 
extraordinary evanescence of the effect, when the substance is injected 
into the blood stream, and suggested that it was probably due to hydro- 
lysis into choline and acetic acid by an esterase in the blood. Loewi and 
his co-workers [1926], in studying the properties of the substance liberated 
in the frog’s heart by stimulation of the vagus, found that this had the 
properties of a choline ester, and demonstrated the presence in the heart 
of an esterase, which destroyed the vagus substance or acetylcholine. 
In either case the destructive action was inhibited by eserine or ergo- 
tamine. Galehr and Plattner [1928] made a detailed study of 
the effect upon acetylcholine of mammalian blood in vitro. They found 
that it. was, indeed, hydrolysed with extraordinary rapidity. The hydro- 
lytic agent, however, possessed properties which they regarded as in- 
compatible with its being an esterase. Thus the activity of the blood serum 
resisted heating to 58° C. and exposure to ultra-violet light. Since they 
further observed that the destructive activity was concentrated in the 
corpuscles, so that a suspension of these acted more rapidly than the 
serum, they concluded that the destructive activity of blood on acetyl- 
choline was due to a surface catalysis, and not to the action of a true 
ferment. After my own investigations, here recorded, had been largely 
completed, I was informed, through the courtesy of Prof. 0. Loewi, of 
an investigation which had been made independently in his laboratory 
by Dr Engelhardt, and which has since been published [Engelhardt 
and Loewi, 1930], covering to some extent the same ground as my own. 
Engelhardt and Loewi were able to show that the resistance of the 
hydrolytic agent to heat and to irradiation is due to the presence of 
protective substances, the esterase from frog’s heart being similarly 
protected when added to mammalian serum. They also observed the 
remarkably potent inhibition of the hydrolytic action’ produced by 
adding eserine to the blood or serum, even in very low concentrations, 
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which is the principal subject of this paper. They concluded, as I have 


done, that the destructive agent for acetylcholine in blood is an esterase. 


METHODS. 


To obtain a quantitative estimate of the rate of destruction of 
acetylcholine by blood or tissue extracts the action must be allowed to 
proceed for a definite time, and then brought to an end. This has been 
done by the method: used by Galehr and Plattner [1928]: 1 .c. of 
blood or organ extract is shaken up with 2 ¢.c. of Tyrode solution and 
1 0.6. of 1: 10,000 acetylcholine, and destruction is allowed to proceed 
for a definite time at room temperature. It was unnecessary to control 
the temperature, since the observations were in all cases comparative. 
The destructive agent is then precipitated by adding 1 c¢.c. of 20 p.c. 
trichloracetic acid. The solution is filtered and the filtrate diluted with 
ten times its volume of Tyrode’s solution. This final solution is very acid 


(pH 2-3), and no appreciable alteration in its acetylcholine content takes 


place for several days. It has been tested by a method used by Dale — 
[1914]. The action of the solution is compared with that of a standard 
acetylcholine solution on a loop of rabbit’s jejunum suspended in warm, 
oxygenated Tyrode’s solution. Suitable effects are seen on this prepara- 
tion when 0:05-0-15 c.c. of a 10-* acetylcholine solution is added to 
a 15 c.c. bath, giving a final concentration of the order of 10-*. As noted 
by Dale and Dudley [1929], acetylcholine can be measured by this 
test, with doses in the sensitive range, to an accuracy of 10 p.c., and with 
a favourable preparation to 5 p.c. 


THE MEASUREMENT OF DESTRUCTIVE ACTIVITY. 


It was found by Galehr and Plattner [1928] that the destruction 
of acetylcholine in the blood of some animals (dogs, rabbits, cats) 
resembled a monomolecular reaction, in that the rate of destruction at 
any time given was proportional to the concentration of acetylcholine 
present. Expressed mathematically, if + and z are concentrations of 
at times ¢ and 


daldt = — ka or r= logy, 


where r = k logise. 


In other animals, such as pigs, cattle, horses and men, where acetyl- 
choline was especially quickly destroyed, the exact value of r was found 
by Plattner to become smaller with decreasing time. In our experi- 
ments with horse blood, however, unless times shorter than 20 seconds 
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were used, the value of r obtained was found to be constant over a wide 
range of times. In particular, it was always found to be constant if the 
rate of destruction was reduced by diluting the blood or by the action 
of some inhibiting agent. : 

In the case of many enzymes it is found that the value of r so obtained 
is directly proportional to the quantity of enzyme present. Experiments 
have been carried out to test. whether this is true of the agent destroying 
acetylcholine. The results of one such experiment are shown in Table I. 
A certain quantity of acetylcholine was treated, under otherwise identical 
conditions, with a series of different dilutions of the same sample of 
horse blood in Tyrode solution. The time allowed for action was increased 
in inverse proportion to the concentration of blood. Suspension of the 
corpuscles was maintained by means of a mechanical shaker. From 
Table I it will be seen that, if the observed value of r is used as an 


estimate of the quantity of enzyme present, the error is not greater than 
14 p.c. 


Showing percentage destruction of setylcholie by different concen 


trations of horse blood. 
tion 
of blood after Time of De- 
addition of action on _ struction Rate of Rate 
acetylcholine acetylcholine (p.c.) destruction calculated 
m, 8. 
1:2 20 60 0-0200 0-0228 
1:4 40 66 0-0117 0-0114 
1:8 1 20 65 0-00570 0-00570 
1:16 2 40 65 0-00285 0-00285 
1:32 5 20 63 0-00134 0-00143 
1: 64 10 40 70 0-000815 0-000713 — 
» 1: 128 21 20 62 0-000325 0-000356 
1: 256: 42 40 66 0-000183 0-000178 
1:512 85 20 66 0-0000915 0-000089 


ACTION OF ESERINE ON THE DESTRUCTIVE AGENT. 


The rate of destruction of acetylcholine by blood as measured in:these 
experiments is diminished by the previous addition of eserine to the 
blood, even in extremely low concentrations. For example, the rate was 
usually halved by such addition of one part of eserine in 30 millions. 

Stte and time of eserine action. Various experiments have been carried 
out to exclude the possibility that this apparent effect was due to some 
of the eserine surviving the precipitation with trichloracetic acid, and 
itself contributing to the action on the plain muscle, This it could do, 
either by its own stimulating action on the intestinal preparation, or by 
sensitizing the latter to the action of acetylcholine. Control experiments 
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_ showed that such effects played no part. When eserine was added to the 
bath in sufficient concentration to cause contraction of the intestine, 
the effect of a dose of acetylcholine was simply superposed, the combined 
effect being merely additive. When the concentration of eserine was 
insufficient to produce a contraction by itself (less than 10-* added to 
the bath) the action of acetylcholine was unaffected. It was found that 
when the concentration of eserine in the blood was 1/300,000, or less, the 
quantity surviving the treatment with trichloracetic acid was insufficient 
to affect the intestine in any way. It is, therefore, clear that the action 
of the eserine in the experiments with blood must have been to protect 
the acetylcholine from destruction by the blood, and not an action on 
the intestinal preparation. 

In order to get the full effect of the eserine it was necessary for it to 
act on the blood for some time before the acetylcholine was added. Some 
reaction appeared to occur between the eserine and the blood which was 
so slow that, with low concentrations of eserine, it was incomplete in 
fifteen minutes. The results shown in Table II illustrate these facts. 


for different lengths of time with eserine. 


_ Duration of interaction of blood and eserine 


Duration of before the addition of acetylcholine 
actionof . 
0 sec, Smin. 15 min. Lhr 
tration of choline Percentage destruction of acetylcholine 
eserine (min.) A 
10-* 15 100 55 20 20 20 20 
10-* 5 100 53 0 0 0 0 
1077 5 100 % 35 28 28 


These results show that the eserine acts by inhibiting the destructive 
agent. Its action does not depend on a combination with acetyl- 
choline. 

Reversibility of action of eserine. This effect of eserine on the destructive 
agent is completely reversible since, if the eserine is removed by dialysis, 
the blood destroys acetylcholine as rapidly as if no eserine had been 
added to it. In one experiment eserine was added to blood so as to make 
@ concentration of 10-*. A portion of the mixture was kept as a control, 
and two portions of 10 .c. each were dialysed for different times by 

placing them in suitably folded pieces of cellophane. Under these con- 
ditions the volumes of the mixtures were increased to about 15 c.c. 
Equivalent quantities of the control, of the two dialysed portions and of 
the original blood, dialysed in the same way, were made up to the same 
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volumes, and tested for destructive action on acetylcholine. The results — 


are given in Table III. 


Tastx III. Showing the percentage destruction of acetylcholine by mixtures of 
_ blood and eserine before and after dialysis. 


Duration of action on acetylcholine 

2 min. 5 min. 15 min. 

Percentage destruction of acetylcholine 
Blood and eserine before dialysis 
Blood and eserine after dialysis for 5hr. 25 70 90 
Blood and eserine after dialysis for 24 hr. 85 100 «=—t«é«i200 
Blood without eserine after dialysis for 24 hr. 85 100 100 


Relation of inhibition to concentration of eserine. Experiments have 
been carried out to determine quantitatively the relation between the 
concentration of eserine and the degree of inhibition which it produces. 
Different quantities of eserine were added to portions of blood and the 
mixtures allowed to stand for one hour. The rate at which the mixture 
destroyed acetylcholine was then determined in each case, and r was 
calculated. The results of a typical experiment are shown in Table IV. 
The meaning of the last column is explained below. 


Taste IV. Showing the inhibition of the destructive agent produced by different 


of eserine acetylcholine  (p.c.) 10° 
r 

0 20 37-5 0-01 
10-* 20 37-5 0-01 
20 20-5 0-0085 17-9 

10-* 30 25  0-0041 6-94 
10-75 120 50 0-0025 10-5 
lo” 180 62-5 0-0019 23-5 
10-*5 305 40 0-00067 23-7 
10-* 900 0-00025 25-7 
10-85 1800 25 0-00007 22-3 


Since it has been found that the value of r gives an estimate of the 


amount of free agent present, the results given above represent the 


dissociation curve of the compound that is apparently formed by its. 


combination with eserine. If the amount of free agent depends on the 
attainment of equilibrium between two simple opposing reactions, both 
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: governed by the same law, the relationship between r and c’ (where c’ 


is the final concentration of free eserine) should be given by the equation 


‘ 

where X is a constant, and 1, is the value of r when no eserine is present. 
K in Table IV is a figure calculated for each concentration, on the 
assumption that the final concentration of free eserine is equal to the 
concentration, ¢, of the total eserine present. This assumption is cer- 
tainly justifiable in the case of high concentrations, but in the case of low 
concentration ¢’ might be expected to become appreciably less than c, 
and the calculated value of K to increase. It will be seen that the value 
of K is practically constant for concentrations of eserine of 10-7 or 


higher. With fall of the concentration to 10-*° K decreases, and then 


increases again, with further fall of the concentration. Similar changes 
in the value of K have occurred in every experiment except one, in 
which K remained constant to c = 10-7", 

These changes of K are considerably larger than could be accounted 


for by the error on the determination. There is no obvious explanation 


for the low values shown at concentrations of 10-75 and 10-8. Whatever 
the cause, it would be expected still to act at concentration 10-*5, and 
the fact that the value of K is there again higher may, perhaps, be due 
to the error introduced by assuming that c’ = c in that low range. It 
may be noted that the deviation of the dissociation curve given by 
these results from the hyperbola, which is expected on the simplest 
assumption, occurs in the opposite direction to that seen in the dissoci- 


ation curve of oxyhemoglobin in acid solutions. 


Action on other enzymes. Eserine is not a general ferment poison. 
I could not detect any change in the action of trypsin, takadiastase, or 
rennin in the presence of 1 : 10,000 eserine. Its effects on lipase action 
are being further studied by Stedman (personal communication). 


THE ACTION OF THE ENZYME ON OTHER SUBSTRATES. 


A specimen of pyruvylcholine was obtained through the kindness of 
Dr H. W. Dudley. As shown by Le Heux [1921], esterification with 
pyruvic acid intensifies the activity of choline in a manner similar to 
acetylation, but to a smaller degree. In stimulating the isolated rabbit 
intestine I found the pyruvy] ester to have about 22:8 p.c. of the activity 
of acetylcholine, Its activity is thus about 230 times that of choline, 
and its hydrolysis can be followed by the biological test in the same way as. 
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that of acétylcholine. It was found in one experiment that, under con- 
ditions similar to those used for acetylcholine, pyruvylcholine was de- 
stroyed to the extent of 90 p.c. by blood in 5 minutes. When 1 part of 
eserine had been previously added to 10® of blood no destruction could 
be detected after that time. The quantity of  -ggpuaamad available 
was small, and only one such experiment was made.. 7 


ACTION OF OTHER SUBSTANCES. 


The action of miotine. Miotine is a base prepared by Stedman [1929], 

It represents a part of the eserine molecule, and has been shown to have 
an approximately equal miotic activity on the pupil. Its other pharma- 
cologieal properties have been studied by White (personal communica- 
tion), and shown to be practically indistinguishable from those of 
eserine. Its relation to eserine is shown by the structural formule: 


Miotine CH,NHOCO C,H, CHCH,N(CH,),HCI. 

Eserine CH,NHOCO C,H, C,H,,N,. 
Dr Stedman has kindly provided a sample of this substance, and its 
effect. on the destruction of acetylcholine by blood has been compared 
with that of eserine. It has been found that equimolecular concen- 
trations of the two substances produce indistinguishable effects both 
qualitatively and quantitatively. This conclusion is illustrated in Table V. 


eserine and miotine. 
Duration of action on acetylcholine 

80 ec. Imin. 2 min. 5 min. 

Reecine, 2/1072 37 60 90 
-Miotine, 2/10-"* 60 90 
Eserine, 2/10-*-* 0 0 13 40 
Miotine, 2/10-** 0 10 85 
No alkaloid 37 63 90 100 


Effects of other alkaloids, etc. Alkaloids belonging to other groups’ 
appear to have little effect’ on the enzyme. The effect of ergotoxine 
ethanesulfonate and ergotamine tartrate have also been studied, since 
Loewi [1926] states that ergotamine inhibits the acetylcholinase in 
heart extracts. These alkaloids in high concentrations also inhibit the 
destruction of acetylcholine by blood. results an 
on this point are shown in Table VI. | 
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Taste VI. Percentage destruction of acetylcholine by blood in the presence of _ 


_ of acetylcholine. 
Duration of action on acetylcholine 
30sec. Imin. 2min. 6min. 15 min. 
alkaloids Percentage destruction 
Ergotoxine, 1/10¢ 


Ergotamine, 1/10* 


The restraining action is perceptible in all cases, except with the 
weaker dilution of ergotamine, but is much weaker than that of eserine. 

The effects of quinine and atoxyl have been studied, because of their 
known inhibitory action on serum lipase and other lipases, shown first 
by Rona and his co-workers (1920, 1921]. Quinine has, in comparatively 
strong concentrations, a definite inhibitory effect on the destruction of 
acetylcholine by blood. Thus, the rate of destruction was reduced by 
quinine hydrochloride, in concentrations of 1 : 100,000, 1 : 10,000 and 
1 ; 1000, to 85 p.c., 50 p.c., and 10 p.c. respectively of its original value. 
The destructive agent proved, on the other hand, to be very resistant to 
atoxyl; even a 1 ; 1000 solution of atoxyl did not alter the rate of 
destruction, and a 1 p.c. solution had only a slight inhibitory effect, the 
rate being reduced to 75 p.c. of its original value. 

Effects of inorganic salts. The effects of various inorganic salts on the 
destruction of acetylcholine by blood are in some ways similar to their 
effects on known lipase actions. When the 2 ¢.c. of Tyrode’s solution 
was replaced by isotonic solutions of NaF, NaCl, NaBr, NaI and 
Na,SO, in diluting the blood, it was found that fluoride inhibited the 
- destruction, so that 40 p.c. of the acetylcholine was still undestroyed 
after one hour. In the presence of the other salts, as in the presence of 
Tyrode’s solution, no acetylcholine could be detected after 2 minutes. 

In another experiment it was found that isotonic solutions of MgCl,, 
CaCl,, and BaCl, diminished the rate of destruction by 13, 37-5, and 
62 p.c. respectively, as compared with Tyrode’s solution. When these 
salt solutions were diluted ten times with NaCl, they had no effect. In 
isotonic solutions of pure NaCl and KCl the destruction proceeded at 
the same rate as in the presence of Tyrode’s solution. 

The fluorides were thus the only salts studied which had any distinct 
effect even in diluted solutions. This action is still shown, when the 
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concentration of fluoride is only 1; 4000. It is not due to the pre- 
cipitation of calcium, since oxalate has no such effect. The relation 
between the concentration of the fluoride and the degree of inhibition 
produced has been studied. The result of one experiment is shown in 
Table VII. | | | 


Tasiz VII. The action of different concentrations of fluoride on the destruction 


of acetylcholine, 
Duration of 
Concentration of action on Destruction Rate of 
fluoride acetylcholine (p-c.) 
40 sec. 61 0-01 
00052 molar 40 53 0-0082 
00074 ,, 1 min. 41-5 0-0045 
00106, 50 0-0025 
0-0148 3 51-5 0-00175 
0-021 0-001 
0-03 as 10 58-5 0-00064 
0-042 20 55-5 0-000435 


While these results illustrate the general nature of the relation be- 
tween the concentration of fluoride and its action, it is not possible to 
make exact calculations from them, because it is not known what 
quantity of the fluoride was precipitated by the calcium in the blood. 


Discussion. | 

_ When I began my experiments, the only details available concerning 
the destruction of acetylcholine by blood were those furnished by 
Plattner and his colleagues, who had concluded that the effect was not 
due to enzyme action, but to a non-specific surface catalysis. Engel- 
_hardt and Loewi, as already mentioned, have since disposed of some 

of their more important arguments. Plattner’s observation, which I 
have confirmed, that the destructive agent is more abundant in the 
corpuscles than in the serum, and his demonstration of the increase of 
the activity of the corpuscles with swelling, both appear to be entirely 
compatible with the action of an enzyme which is largely concentrated 
on the surface of the corpuscles. The alteration of its action by capillary- 
_ active substances may also be compared with the effect of such sub- 

stances on the action of invertin [Meyerhof, 1914]. Plattner [1930] 
has quite recently published observations on the destruction of acety!- 
choline by various organ extracts, accepting without question the view 
that this is due to an esterase, and it is no longer possible to find any 
adequate reason for regarding the destruction by blood as due to an 
action of a different kind. My own results, which at various points 
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confirm those of Plattner and his co-workers and of Engelhardt and 
* Loewi, and are entirely compatible with the view that this action of 
| __ blood is due to an esterase, may be briefly stated as follows: 
| 1. As observed by Plattner with some kinds of blood, I have 
9 regularly found that the time relations of the destruction of acetyl- 
| | choline by horse blood, when tested in such dilutions as allow the 
| measurement to be made with sufficient accuracy, are those characteristic 
of a monomolecular reaction. 

2. The rate of destruction of acetylcholine by horse blood varies in 
strict proportion to the concentration of the destructive agent, which 
in this respect behaves like many enzymes. 

3. Hserine has a highly specific inhibiting effect on the destruction 
of acetylcholine by blood, the rate being usually halved by adding 
eserine in the proportion of 1 to 30 millions. This effect, also observed — 
by Engelhardt and Loewi, resembles the effect of eserine on the 
destruction of acetylcholine by a heart esterase, observed by Loewi. 
Recently Plattner has observed that eserine inhibits the destructive 
action of tissue extracts, which he accepts as that of an esterase. 

4, Eserine must be left in contact with blood for a definite time be- 
fore acetylcholine is added, for the full development of the inhibitory 
effect. This time increases with the dilution. as 

5. The relation between eserine and the blood esterase is a labile 
one, the full activity being restored when eserine is removed by dialysis. 

6. Pyruvylcholine is destroyed by blood like acetylcholine, and the 
action is similarly inhibited by eserine. 

7. Miotine, a cleavage product of eserine having a practically 
identical physiological activity, has also an identical inhibitory effect on 
the destruction of acetylcholine by blood. 

8. Ergotoxine and ergotamine have some inhibitory effect on the 
destruction of acetylcholine by blood, but only if they are present in 
relatively high concentrations. Quinine has a similar effect in high 
concentrations, but practically none could be demonstrated for atoxyl; 
in these respects again, the blood esterase behaves like some of the tissue 
esterases studied by Plattner. 

9. Of neutral salts only. the fluorides, which are known to inhibit 
| esterases, have a strong inhibitory effect on destruction of acetylcholine 
by blood. Salts of magnesium, calcium and barium have a slight in- 
hibitory action. 

It seems clear that the rapid destruction of acetylcholine by blood 
is only a special instance of its liability to the action of tissue esterases 
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in general, This property has an obvious and important. bearing on the 
course of its physiological actions, when it is injected in various ways into 
the living animal. Especially significant 1 is the inhibitory effect of eserine 
(or miotine) on its destruction, in connection with its known action in 
intensifying and prolonging the actions not only of se but of 


parnsympethetie nerves. 
SuMMaRY. 


The destruction of acetylcholine by blood is due to the action of an 
esterase, the action of which is specifically inhibited by eserine, even in 
extreme dilutions, and also by fluorides. 


It is a pleasure to acknowledge my indebtedness to the Medical 
Research Council for the opportunity of carrying out this investigation 
in the National Institute for Medical Research in Dr Dale’s department, 
and to Mr J. H. Gaddum of that department for valuable help in 


— the ae and presenting the results. 
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THE INACTIVATION OF HISTAMINE. 
By C. H. BEST anv E. W. McHENRY 


(From the Department of Physiological Hygiene, University of Toronto.) 


Tue transient effects produced by the intravenous or subcutaneous in- 
jection of small or moderate doses of histamine suggest that the body 
may possess an efficient means of elimination or inactivation of this 
substance. When histamine is slowly injected intravenously, relatively 
large amounts can be administered without the appearance of the char- 
acteristic signs which the more rapid injection of small quantities to the 
same animal produce. It has been reported that very little histamine is 
found in the urine even after the intravenous injection of large doses of 
the substance [Oehme, 1913]. The possibility that the amine may be 
eliminated by passage from the blood into the intestine has not been 
investigated. 

The recent isolation of histamine from extracts of fresh normal lung, 
liver [Best, Dale, Dudley, and Thorpe, 1927], muscle [Thorpe, 
1928], and spleen [Dale and Dudley, 1929], suggests that the mechan- 
isms responsible for the inactivation of the amine in the body may have 
considerable physiological significance. 

Tt has been shown by one of us [Best, 1929] that lung and other 
tissues, when suspended in saline and incubated in the presence of toluene 
at 37° C., cause the disappearance of the physiological activity of natur- 
ally occurring or added histamine. In this paper the results of a further 
study of the distribution, properties, and action of the substance or 
gs producing this inactivation are presented. 


Method of estimation of histamwne. 

The-histamine content of tissues has been determined by a method 
which utilizes the stability of the amine in the presence of hot HCl. 
Samples of the fresh tissue are weighed and 20 g. are added to 150 c.c, 
of 10 p.c, HCl. Heating at 95°C. for 1 hour or less completely disin- 
tegrates the tissue. The mixture is then evaporated to dryness im vacuo, 
Two portions, 50 ¢.c, each, of 95 p.c. ethyl aleohol are added separately - 
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the flask is suspended in water, and the remaining trace of acid is neutral- 
ized with 20 p.c. NaOH. The liquid is filtered through paper, and the 
flask and the paper are repeatedly washed with distilled water. The 
histamine is then assayed by comparison of its physiological activity 
with that of a standard solution of histamine on the blood-pressure of 
the etherized cat. Whenever there is a possibility that choline or a 


derivative is present, the unknown solutions are assayed against hist- 


amine before and after atropinization of the test animal. The accuracy of 
the method has been tested repeatedly during the last three years. Added 
histamine can invariably be recovered from tissues with an error of not 
more than 15 p.c. Histamine estimations have also been made by the 


quantitative Pauly reaction procedure [Koessler and Hanke, 1919]. 


Distrib of the hist fy. 
The histamine-inactivating material was first demonstrated in horse 


lung and, subsequently, in beef lung, liver and kidney. It was obvious — 


that the absolute amount of this material in various tissues could not be 
ascertained until the methods of extraction and assay had been thoroughly 
investigated. The relative distribution of the activity could, however, 
be determined by using samples of the various tissues removed immedi- 
ately after death from an animal and incubated under exactly comparable 
conditions. The tissues have been obtained from healthy normal dogs 
which were gently anwsthetized with ether and bled out. 20 g. samples 
of the various tissues were weighed, suspended in 100.c.c. of 0-9 p.c. 
NaCl, and after a short interval the reaction of the mixture was adjusted 
to pH 7 with NaOH. Although in subsequent experiments an incubation 
period of 12 hours or less was found to be sufficient for the destruction 
of appreciable amounts of histamine, in these experiments 72 hours’ 
incubation at 37° C. was used. It is unnecessary to report in detail the 
large amount of data which has accumulated from the determinations of 
the initial histamine content of the tissues and the amount remaining 
after incubation, with the necessary controls on the enzyme activity, etc. 
Fortunately the results have been sufficiently uniform so that the figures 
from the six experiments can be averaged without involving the risk of 
distorting the relative values. The findings are given in Table I. The 
essential procedures can be described by reporting one experiment in 
more detail. 


Exp. 1. The kidneys were removed from a 15 kg. dog which had been bled out under 
ether. Weight of kidneys 85 g. The tissue was minced and three 20 g. portions were weighed 
out and transferred to flasks. 150 c.c. of 10 p.c. HCl were added to one flask and the initial 
histamine content of the tissue was determined as described above. Assays before and after 
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atropinization of the test animal showed that the depressor activity attributable to hist- 
amine was negligible, i.c. there was not enough histamine to assay. 100.0. of 0-9 p.c. NaCl 
were added to each of the other flasks. One flask was heated until the contents boiled. 
40 mg. of histamine were then added to each flask, and they were placed in an incubator at 
37° C. for 72 hours. Histamine determinations on these tissues showed that the heated 
material contained 36 mg., and the unheated material 0-3 mg. 20 g. of moist kidney there- 
fore destroyed practically 40 mg. of histamine in 72 hours under these conditions. _ 


Tastz I. Distribution of histamine-inactivating substance and of histamine in 
dog tissues. 
No.of Mg. histamine 
of tissue 1 kg. ag 
- Blood | 6 55 0-4 
Muscle 4 30 70 
Kidneys 10 1000 40 
Heart 6 0 40 | 
Skin | 2 0 Not determined 
ve : 
Stomach 4 0 30-0 
Duodenum 6 1000 35-0 
Jejunum 2 1000 35-0 
2 1000 20-0 
Bladder 1 35 Not determined 
Urine 2 0 0-2 | 


Values for the histamine content of the various dog’s tissues are also 
shown in Table I. It is apparent that the histamine distribution is not 
the same in this species as in others [Dale, 1929]. It is perhaps significant 
that most of the previous determinations have been made on the tissues 
of herbivorous animals. 

Comparison of the histamine-inactivating power of various beef 
tissues has demonstrated that the kidney is at least twelve times as 
active as the lung, and more active than any other tissue investigated. 
Beef kidney was, therefore, the obvious source of the larger amounts of 
the histamine-inactivating substance which were necenenny for further 


investigation. 
Preparation of a stable powder. | 
Active aqueous or alcoholic extracts of beef kidney can be prepared, 
but the histamine-inactivating substance is unstable in these solutions. 


After some experimentation, a useful initial procedure was found to be 


the immediate extraction of the fat with acetone and ether and the rapid 
drying of the residue in a current of air. 
23—2 
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ground and was stored in air-tight containers. The details of the pre- 
paration of one lot of this dry material will illustrate the methods, 22 kg. 
of fresh kidney were finely minced, and the minced material was placed 
in a vessel containing 225 litres of 95 p.c. acetone. After 12 hours’ ex- 
traction the acetone was removed by filtration. The residue was washed 
twice with small amounts of acetone and twice with small amounts of 
ether and was then dried in air. 

When care was taken to remove all the acetone and ether, and to keep 
the container in which the powder was stored well sealed, no loss of 
histamine-inactivating power could be detected by the tests which were 
carried out each month for the period of a year. The potency possessed 
by this powder is practically the same as that of the fresh kidney from 
which it was prepared. Under favourable conditions 200 mg. of the crude 
powder will inactivate 2 mg. of histamine in 24 hours. If the powder is 
dissolved in water at pH 7 and the mixture filtered, the clear filtrate 
contains about half the activity of the original powder. These aqueous 
solutions are not stable, but glycerine extracts retain their activity for 


at least 3 weeks. The glycerine may be removed by dialysis without loss 


of active material. The results of preliminary experiments indicate that 
the histamine-inactivating substance may be considerably concentrated 
and purified by selective adsorption and subsequent release from an 
adsorbing agent, but materials obtained by these procedures were not 
used in the investigations reported in this paper. It may be mentioned 
here that the active extract can be sterilized by passage through a 
Berkefeld filter. Sterile histamine solution incubated under aseptic con- 
ditions with sterile kidney extract is rapidly inactivated. The faint 
possibility that bacterial action might be contributing to — inactivation 


of histamine is, therefore, eliminated. 


The properties of the histamwne-inactiwating material, 
_ Temperature. Tn all the investigations described in this section, the 
kidney powder prepared as described above was used. The effect of tem- 
perature was studied by determining the action of 200 mg. of the kidney 
powder on 2 mg. of histamine at pH 7, during 24 hours’ incubation. The 
results show that the histamine-inactivating material is inactive at 5° C., 
slightly active at 20°C, and the maximum activity is at approximately 
37° C. At 60°C, or above there is no inaetivation of histamine. The 
histamine-inactivating material is destrayed at 60° C., as there is no 


at 37° 
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Hydrogen-ton concentration. The effect of hydrogen-ion concentration 
has been investigated by incubating the kidney powder and histamine in 
various phosphate buffer mixtures. Citrate buffers could not be used 
because the citrate inhibits the histamine-inactivating material. Care 
had to be taken to keep the phosphate-ion concentration constant, since 
phosphate also affects the activity. The reaction of the buffer mixtures 
was adjusted by HCl or NaOH. The activities of the histamine-inacti- 
vating material at hydrogen-ion concentrations from pH 2-5 to pH 9-5 
are shown in Fig. 1. If the material which has been incubated at pH 2-5 


pH 
Fig. 1. Effect of hydrogen-ion concentration on histamine inactivation. 


is adjusted to neutrality and incubated again there is no return of 
activity. The effects of hydrogen-ion concentrations lower than pH 9-5 
have not been determined. All the buffers we have used to secure this 
range of pH interfere with the action of the histamine-inactivating 
substance. Michaelis’ barbituric acid buffer [Michaelis, 1930] is 
more satisfactory than the others we have investigated. 

Time relationships. Under this heading two series of investigations 
will be considered: (1) the determination of the amount of histamine 
destroyed in various intervals of time, when the ratio of histamine to 
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histamine-inactivating substance is kept constant, and (2) the deter- 
mination of the amount of histamine destroyed in a definite time, when 
the proportion of histamine to histamine-inactivating substance is 
varied. 

A curve illustrating the rate of disappearance of histamine from a 
mixture containing 200 mg. of kidney powder and 2 mg. of histamine in 
100 .c.c. of phosphate buffer solution at pH 7 is shown in Fig. 2. Each 


0 20 30 50 
Time in hours + . 
Fig. 2. Rate of inactivation of histamine. 


point on this curve represents the average of determinations made on — 
two solutions. The duplicate values were in every case the same within - 
the limits of experimental error. These results show that, under these 
conditions, the destruction of histamine is practically complete in 24 
hours. In Fig. 3 the rate of disappearance of histamine, when the amount 
of the amine is kept constant at 0-2 mg. and the amount of powder is 
varied from 0-2 g. to 1 g., is shown. In the experiment, the results of 
which are illustrated in Fig. 4, the amount of kidney powder is kept con- 
stant at 0-2 g. and the quantity of histamine is varied from 2 to 20 mg. 
In all these experiments 100 c.c. of phosphate buffer solution at pH 7 
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Fig. 3. Effect of concentration of inactivating 
histamine destruction 


‘ 
j 
‘ 
a 
d 
+ 
; 
iy 
\ substance on 
2-0 
‘ 
‘ 
- “4 
- 
iby 
of 
2 
4 4 
% 
\ 
| 
’ 
a 
£ 
Star 
t 
are 
con on 2 
. 4. Effect of 
2 
ex 
> 
~ 


356 ©. H. BEST AND E.W. MoHENRY. 


The effect of various ions. In this series of experiments we studied the 
disappearance of histamine from a mixture containing 500 mg. of dried 
kidney, 2 mg. of histamine and 100 c.c. of distilled water, in which the 
salt of the ion under investigation was contained in 0-1 molar concentra- 
tion. Sodium, potassium, calcium, and ammonium chlorides, sodium 

sulphate and disodium phosphate were used. The calcium chloride 
‘solution was adjusted to neutrality with a small amount of sodium 
hydroxide. The results showed that, of the anions, sodium and potassium 
were without effect. Ammonium produces a slight, and calcium a very 
pronounced, inhibition of histamine inactivation. The chloride ion has 
no effect. Sulphate inhibits the inactivation, while phosphate definitely 
accelerates the action of the kidney powder. In attempting to use 


McIlvaine’s citrate buffers it was found that the citrate ion, in 0-02 | 


molar concentration in neutral solution, prevents the inactivation of 

A series of experiments in which the effects of various concentrations 
of cyanide were studied was carried out. 200 mg. of dried kidney and 
2 mg. of histamine and 100 c.c. of distilled water were used. Potassium 
cyanide to secure 0-004, 0-002, 0-001 and 0-0005 molar concentrations 


was added. In every case there was complete inhibition of the histamine- 


inactivating power of the kidney powder. 


The effect of oxygen. The results of the cyanide experiments suggest 
that the mechanism of this inactivation of histamine may be oxidative. 


To investigate the effects of oxygen, histamine and material containing — 


the inactivating substance were incubated at 37° C. in atmospheres of 


oxygen and of nitrogen. The procedure and the results can be presented 


by describing one experiment. 


Exp. 2. A solution of 2 mg. of histamine in 10 c.c. of a distilled water extract of kidney 
powder was placed under toluene in each of two flasks. The flasks were immersed in a water 
bath which was kept at 37°C. Oxygen was bubbled through one flask and nitrogen through 


the other for a period of 4 hours. The disappearance of histamine from the oxygen flask was — 


25 p.c., while the loss from the nitrogen flask was just detectable, In another experiment 
the results with hydrogen were the same as with nitrogen. 


In Exp. 2 the histamine-inactivating material was in solution and in 
contact with the histamine, before the oxygen was displaced by the other 
gases. There may have been some oxygen uptake in this period. In 
another experiment the air was removed from a flask containing kidney 
powder and histamine in phosphate buffer solution. Nitrogen was 
allowed to flow in. The flask was then sealed and incubated for 24 hours. 
No inactivation of histamine was observed, while a control experiment, 
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-_ gonditions for the oxidation of tyramine by liver tissue are quite different 


a cyanide on the activity are not the same for the two systems. These 
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histamine-inactivating material was active. 

To investigate the possibility that the change responsible for the 
inactivation of histamine was reversible, attempts were made to re- 
activate the solutions which had been incubated, by reducing agents. 
The solutions were treated with powdered zinc and HCl, or with sodium 
sulphite, and kept at various temperatures, but no reappearance of 
histamine could be detected. 


The only other known enzyme-like substance or system which has the 
property of destroying an amine is the tyramine oxidase [Hare, 1928], _ 
studied in Hopkins’ laboratory by Miss Hare. Tyramine added to a 
solution containing the histamine-inactivating material may be roughly 
assayed by comparing the blood-pressure raising effect of the solution 
with that of a solution in which is dissolved a known amount of tyramine. 
When tyramine is incubated with the histamine-inactivating substance, 
under the optimum conditions for the inactivation of histamine, there is 
no perceptible loss of the physiological activity of tyramine. The optimum 


from those under which histamine is most rapidly inactivated by the 
powder obtained from kidneys. Moreover, the distribution and the effect 


findings suggest that there is a specific substance or system in the body 
for the inactivation of histamine. 

The properties of this substance or system, which is responsible fos 
the disappearance of histamine, are similar to those of the better known 
enzymes, One or more enzymes may be responsible for the change in the 
histamine molecule which takes place under the conditions of our experi- 
ments. We suggest, however, that the substance, or system, which pro- 
duces a change in structure responsible for the loss of physiological 
activity of histamine be designated histaminase. Until more is known 
of the reaction in which we are interested, we propose to discuss it as the 
histamine-histaminase reaction. 


The inactivation of histamine by formaldehyde. 


A. L. Kendall [1927] has reported that the addition of small amounts 
of formaldehyde to a solution surrounding an isolated uterus or section 
of intestine will completely inhibit the contractions ordinarily produced 
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by histamine. He assumed that formaldehyde produces a condensation 
product with histamine, according to the equation: 


RNH, + 0: CH, —> RN: CH, + H,0. 


One of us pointed out in a previous paper [Best, 1927] that this re- 


action must be considered as a possible, though unlikely, explanation of 
the inactivation of histamine by certain tissues. With this in mind some 
study has been made of the inactivation of histamine by formaldehyde. 

The effect of formaldehyde has been determined by adding the desired 
amount to tissue extracts containing histamine and to pure histamine 
solutions, The histamine was then assayed by the blood-pressure method. 
As the results were not in complete accord with those of Kendall, who 
used isolated smooth muscle as a test object, experiments were also made 
using the isolated virgin guinea-pig uterus, following the technique 


described by Burn and Dale [1922]. In most cases the results of assay 


of histamine by the two methods were in good agreement. 
To a muscle extract, the histamine content of which had previously 


been determined, formaldehyde was added to give a concentration of 


0-3 p.c. Direct blood-pressure assays showed that 60 p.c. of the histamine 
was inactivated within 30 minutes at room temperature and that, during 
a further period of 4 hours, no more inactivation occurred. At the end of 
this time the formaldehyde concentration was doubled, A further slight 


inactivation occurred. The injection of the same concentration of — 


formaldehyde in saline, without histamine, has no effect upon the blood- 
pressure of the etherized cat. 

The incompleteness of disappearance of histamine activity is not due 
to insufficient formaldehyde. On the basis of the equation postulated by 
Kendall, 300 times the quantity of formaldehyde necessary for the 
reaction was present. 

Approximately the same amounts of histamine in lung extract, and 
_of pure histamine in solution, were inactivated by a given concentration 
of formaldehyde. In the case of pure histamine the inactivation was 
found to occur within 5 minutes, while 30 minutes were required for tissue 
extracts. Treatment of samples from these solutions, immediately after 
inactivation, with hydrochloric acid, as in the routine determination of 
histamine carried out in this laboratory, restored approximately two- 
thirds of the lost depressor activity. 

The effect of temperature upon the histamine-formaldehyde reaction 
was determined by making up a pure histamine solution, to which was 
added formaldehyde to give a concentration of 0-8°p.c. This was divided 
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into two lots, each of which was kept under a layer of toluene in a separ- 
atory funnel, one at room temperature, the other in an incubator at 
37°C. Samples were removed at intervals and assayed by the blood- 
pressure method, Some of the samples were also assayed on the isolated 
uterus. The results of the two methods of assay agreed well. At room 
temperature there was 40 p.c. inactivation of histamine in 24 hours. No 
further change occurred until after 12 days, when a slight loss was 
detected. At 37°C. there was 50 p.c. inactivation within 24 hours with 
no further detectable change during 5 days. From then on, a gradual 
decline in depressor activity occurred, until none was left at 33 days. 
Complete inhibition of the depressor effect of histamine was not secured 
at room temperature under the conditions of these experiments. It will 
be noted that there are two stages in the inactivation of histamine by 
formaldehyde. The first, in which about 50 p.c. of the activity is lost, is 
immediate, and is probably due to the condensation reaction suggested 
by Kendall. The second stage is delayed and may be-an oxidation 
phenomenon. 
A similar immediate partial inactivation of tyramine, as indicated by 


loss in pressor activity, is observed after addition of formaldehyde. 


Because of the discrepancy between K endall’s results, i.e. complete 
inactivation, and the partial loss found when determinations were made 
by the blood-pressure method, the effects of formaldehyde-treated 
histamine on the isolated virgin guinea-pig uterus were studied. In the 


_ preliminary work with the isolated uterus, a number of solutions used 


for blood-pressure tests were assayed against standard histamine solu- 
tions on the isolated uterus. The results secured by the two methods were 
in good agreement. But it was noted that, with solutions containing the 
larger amounts of formaldehyde, the uterus did not respond well after 
the first addition of formaldehyde solution, despite thorough washing. 
Moreover, the initial contraction with such a solution was delayed. It 
seemed likely that this might be due to the effect of the formaldehyde, 
not upon the histamine, but upon the uterus. Four similar experiments 
were, therefore, performed in which increasing amounts of formaldehyde | 
were added to the uterus bath immediately before the addition of hista- 
mine. The formaldehyde solution was carefully neutralized. A concentra- 
tion of formaldehyde of about 0-12 in 100 affected the uterus so that it 
would no longer react to histamine, even after several washings. Con- 
centrations of formaldehyde considerably less than this, which diminished 
but did not obliterate the histamine effect, did not produce a loss in 
sensitivity of the uterus to histamine. Kendall stated that, using con- 
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centrations of aldehyde not less than 1 in 750, he secured no results when 
he added histamine. It seems possible that in this concentration the 
Se but also poisons the uterus. 


The histamine-histamwnase reactions. — 

The change produced in histamine by histaminase may be physica 
or chemical. It is possible that a sorption compound is formed, but it 
- seems likely that such a complex would be broken up by hydrochloric 
acid digestion. The possibility has already been considered that the 
change might be that of condensation, similar to the aldehyde-histamine 
reaction suggested by Kendall, but the differences between this reaction 
and the histaminase reaction have been pointed out. Moreover, the 
physiologically active amine is in part restored when the formaldehyde- 
histamine compound is boiled with hydrochloric acid. It seems likely that 
_ histaminase. produces a more profound change in histamine. Ewins and 
Laidlaw [1910] found that tyramine was oxidized in the organism to 
hydroxyphenyl-acetic acid, with a probable intermediate, alcohol stage. 
Guggenheim and Loeffler [1916], investigating the metabolism of 
amines, isolated corresponding compounds as end products from several 
amines, but were unable to obtain iminazole-acetic acid by inactivation 
of histamine. 

Certain features of the histaminase reaction have ei mentioned. 
_ Histamine is so altered that digestion with hydrochloric acid does not 
restore the physiological activity. The change is oxidative, since potas- 
sium cyanide inhibits it completely, and it is accelerated by oxygen and 
inhibited under anaerobic conditions, If histaminase produced iminazole- 
acetic acid from histamine the concentration of the iminazole nucleus 
in the digest would be unchanged. The Koessler-Hanke modification 
of the Pauly reaction [Koessler and Hanke, 1919], while not specific 
for iminazole derivatives, is useful for their estimation. Employing the 
Koessler-Hanke procedure, we have studied the iminazole values of 
histamine solutions, before and after the action of histaminase. The 
results of these determinations have been compared with the depressor 
activity of these solutions. 

- Preliminary experiments were carried out to determine the total 
histamine and iminazole values of solutions secured by incubating 
mixtures of the kidney powder, water and added histamine. In the 
determination of iminazole values it is necessary to have solutions that 
are free from substances which interfere with the diazo reaction. In 
these earlier experiments two methods of precipitation of the proteins 
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and interfering substances were used. These were: (1) lead acetate, with 
removal of lead by hydrogen sulphide or sodium phosphate; (2) Schenk’s 
reagent (2 p.c. mercuric chloride in 0-8 p.c. hydrochloric acid) and re- 
moval of the mercury with hydrogen sulphide. The procedure from this 
point was the same in the two cases. The mixture was filtered, the filtrate _ 
evaporated to dryness on a water bath, and the residue taken up in a 
known volume of water for the colorimetric determinations. 

In these experiments inactivation of only a part of the added hist- 
amine was secured. The diazo value of the solution of kidney powder was 
very large, and, when calculated as histamine, was usually several times 
that of the histamine added. After the incubation period the digests, 
one of each pair having been heated to boiling before incubation, were 
treated with the routine HCl procedure and subsequently with lead 
acetate or Schenk’s reagent. The iminazole value was consistently less 
after Schenk’s reagent than after lead acetate. The results of these pre- 
liminary experiments suggested that some of the physiological activity 
disappeared without a corresponding loss of the iminazole value. Un- 
successful attempts were made to separate and identify the iminazole 
compound which it was thought might have been formed. These experi- 
ments were complicated by the high diazo values secured. To overcome 
this, in the experiments outlined, it would be necessary to carry out 
procedures to eliminate the compounds other than histamine which give 
the diazo reaction. As an alternative to this tedious procedure, it was 
considered advisable to attempt to measure the changes in the iminazole 
ring of histamine when the amine was added to the fluid perfused through 
isolated kidneys. The technique of this perfusion is described in the 
following section. 

In a control experiment kidneys were perfused with blood without 
added histamine. Portions of the blood were taken before and after 
perfusion for determination of histamine by the depressor method, and 
of iminazole derivatives by the diazo reaction, after precipitation with 
Sehenk’s reagent. The results are shown in Table II. In this and sub- 
histamine base. 


Il. 
Iminazole 
Before perfusion 
After perfusion 
Loss _ 48 


Initial blood volume 1100¢.c. Final volume 1000 0.0, 
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The average iminazole value before perfusion was 15 mg. per 100 c.c. 
blood; after perfusion 10 mg. per 100 c.c. 
In a similar experiment histamine was added to the blood. The results 


are shown in Table III. | 
Taste ITI. 


Before perfusion 283 386 91 295 
After perfusion 108 208 61 147 : 
Loss 175 178 30 148 


The kidneys were found to contain practically no histamine at the 
end of the experiment. As determined by physiological assay, two-thirds 
of the histamine was inactivated during perfusion. This was accompanied 
by a loss of iminazole of the same order. Presumably this loss was due to 
a disruption of the iminazole ring. 

In all the above experiments the somewhat difficult and tedious 
methods of precipitation with Schenk’s reagent or with lead acetate 
were used. The subsequent experiments were carried out to find a simple 
and more rapid method of preparation of solutions for colour determina- 
tion. A histaminase solution was prepared by extracting dried kidney 


with water, using 1 g. of dried kidney to 9 ¢.c. of water. As this extract 


does not retain its potency indefinitely, a fresh solution was made up for 
each experiment. Using this source of histaminase, test solutions were 
prepared by adding distilled water to the mark of a 100 c.c. flask con- 
taining enzyme solution and histamine. These mixtures were transferred 
to a 250 c.c. Erlenmeyer flask and toluene was added. After the desired 
period of incubation the toluene was removed. Determinations were 
made of the histamine content of the aqueous solution, without further 
treatment, by the blood-pressure method, and of iminazole. The physio- 
logical estimation was carried out without difficulty, but, in the diazo 
_ Feaction, green colours were developed by the unheated solution and clear 
_ yellow by the control solutions. Neither colour could be matched with 
the Koessler-Hanke crésol-red, methyl-orange standard. Presumably 
there were substances present in these solutions which inhibited or masked 
the diazo reaction. 
An attempt was made to remove these interfering substances by 
adsorption on Eastman’s special carbon. Histamine was adsorbed and 
could not be removed by leaching with 1 p.c. dipotassium hydrogen 


| 
Iminazole 
a Due to Due to 
blood _ histamine 
= Histamine Total 
(mg.) (mg.) (mg-) 
“Vn 
Initial blood volume 840 c.c. Final volum 0.0. 
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__ phosphate, 1 p.c. potassium dihydrogen phosphate, or 1 p.c. acetic acid. 


Washing with 1 p.c. ammonia removed some of the histamine, but the 
filtrate did not give a satisfactory diazo colour. — 

To separate the iminazole compounds from those substances inter- 
fering with the colour reaction dialysis was tried. At first Koessler and — 


* Hanke’s [1925] apparatus for continuous dialysis was employed, with 
-_ fish-bladder condoms as the sacs. This apparatus proved to be cumber- 


some and difficult to regulate. However, assays for histamine by the 
depressor method and for iminazole derivatives, using the diazo reaction, 
could be performed directly on the fluid outside the sac without further 
treatment. It was found that consistent results could be secured without 
the complicated apparatus. The material to be dialysed was placed in a 
fish-bladder condom, a layer of toluene added, and the sac suspended in 
& beaker. Water was placed in the beaker to the level of the liquid in the 
sac. The water was replaced by a second similar quantity at the end of 
2 days. After 4 days the two lots of diffusates were combined, and the 
volume made up to a definite figure. The dialysis was carried out in a cold 


IV. 
Iminazole in diffusate 
Histamine (blood-pressure assay) Dueto From the 
initially Diffusate Sac Total Total solution histamine 
present (mg.) (mg.) ( mg.) (mg.) (mg. (mg.) 
0 0 0 0 1-4 1-4 0 
0 0 0 0 1:3 1-3 
5 0 0 0 2-2 1-4 0-8 
5 (boiled control) 3-6 10 4-6 5-0 1-4 
10 3-0 3-8 3-9 1-4 2-5 
10 (boiled control) 6-9 20 8-9 oF | 1-4 6-7 


For these dialysis experiments, mixtures of kidney extract, histamine 
and water under a layer of toluene were employed. These were incubated 


. for a desired interval at 37° C., and then heated to boiling to terminate 


the histaminase reaction. The mixtures were then washed into the dialysis 
sacs. In three sets of experiments similar results were secured. The 
results of one series are given in Table IV. The “iminazole” values 
are calculated as milligrams of histamine base in this and subsequent 
tables. : 

In two cases a known quantity of histamine was added to portions of 
the diffusate. The iminazole value of the resulting solution equalled the 
value of the diffusate, calculated as histamine, plus the added histamine. 
This eliminates the possibility that some substance may have developed 
during the histaminase reaction which masks the diazo reaction. 
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In these dialysis series, solutions in which the histamine had been in- 
activated gave a diffusate having a low diazo value. The results secured 
from the blood-pressure assay were in good agreement with those secured 
by the diazo method when a blank correction for iminazole contributed 
by the kidney solution was made. These results suggest either (1) that 
the change produced in histamine involved the rupture of the iminazole 
nucleus, or (2) that there was produced a complex non-dialysable com- 
pound. This second possibility will be discussed later. | 

The first suggestion is in agreement with the results secured from the 
perfusion experiments. The preliminary experiment reported in this 
section did not reveal such a change, but in this case conditions were 
different and only a relatively small part of the histamine had been in- 
activated. It occurred to us that there might be a series of progressive 
changes in the histamine molecule, after the first of which the physio- 
logical activity might be weakened without the iminazole ring being 
affected. The later steps in the reaction might lead to a disruption of the 
ring. With this in mind it was decided to carry out an experiment in 
which histamine and iminazole were determined after varying periods 
of incubation. 

The period of incubation required for the inactivation of histamine is 
greatly influenced by the ratio of the amounts of histamine and hista- 
minase. For this time series a standard preparation, consisting of 25 c.c. 
kidney solution, 5 mg. histamine base, and 75 c.c. water, was used. 
_ Control flasks, the contents of which were boiled to destroy the enzyme, 
were prepared and examined after each interval. This incubation period 
varied from 4 to 72 hours. After incubation the solutions were heated to 
boiling to terminate the reaction and were then dialysed. Estimations 
of histamine by the blood-pressure method, and of iminazole by the diazo 
reaction, were made on all diffusates. The results of these are given in 
Table V, 


Iminazole 
Dueto From the 
Incubation pressure) solation histamine 
(hr. (mg.) (mg.) (mg.) (mg.) 
4 3-5 45 1-7 2-8 
4 (control) 3-8 41 1-7 9-4 
s 3-0 3-9 1-7 2-2 
8 (control) 3-6 41 1-7 2-4 
24 12 25 1-7 0-8 
26 45 17 28 
72 0 2-0 1-7 0-3 
‘72 (control) 3-6 4-1 1-7 24 
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The iminazole values, after correction for the amount in the kidney 
solution, are lower than the histamine determinations, but the decrease 
in the iminazole parallels the loss of histamine. This is particularly notice- 
able in the solutions incubated for the longer periods, in which larger 
amounts of histamine were inactivated. 

The possibility exists that a non-diffusible compound of histamine 
may have been produced. The contents of the sac after dialysis, in several 
of the above experiments, were carried through the hydrochloric acid — 
digestion procedure. Iminazole determinations were made and the results 
agreed closely with the histamine values obtained by the blood-pressure 
method of assay. The small correction for the iminazole value of the 
kidney extract inside the sac was calculated utilizing the assumption, 
which has been verified for added histamine, that the iminazole is dis- 
tributed in the same concentration in the fluids inside and outside the sac. 

In all this experimental work, where the histamine has been almést 
completely inactivated by histaminase, the iminazole value has been 
proportionately decreased. The dialysis experiments, the results of which 
are more clear-cut than those secured by precipitation methods, show that 
the iminazole content is lowered in roughly the same ratio as the physio- 


logical activity of histamine is diminished. The estimation of iminazole 


by means of the diazo reaction is, at best, unsatisfactory. We have found, 
as have many others, that the formation of the colour is easily inhibited 
or masked by interfering substances, which are difficult to remove. — 
Moreover, the colour secured is not specific for the iminazole ring. In the 
dialysis experiments the iminazole value contributed by the kidney 
solution has been subtracted from the total, and the difference is due to 
the added histamine. The evidence justifies the conclusion that, under 
the conditions of these experiments, the iminazole ring in the histamine 
molecule has been broken. 

A study of the isisahiasiven-cl the. breaking of the iminanole ring and 
the search for products of this change furnish opportunity for further 
work. The results of preliminary experiments, using the Barcroft 
apparatus, demonstrate that there is an uptake of gas, presumably 
oxygen, during the inactivation of histamine; but quantitative data, 


_ which should be very interesting, have not as yet been secured. 


Perfusion expervments, 

The results of the study of the ok 
strate that in the dog the kidney contains more of this enzyme than any 
other tissue, with the exception of the intestine. To investigate the ability 
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of Various tissues to inactivate histamine under more physiological con- 
ditions a series of perfusion experiments on isolated dog’s tissues have 
been performed, Kidneys perfused with defibrinated blood, heparinized 
blood, gum-ringer solution, and Ringer’s solution have been studied ; also 
liver perfused with defibrinated blood through the hepatic artery and 
portal vein, isolated hind limbs perfused with defibrinated blood, and — 
surviving isolated hearts perfused with Ringer’s solution through the 
coronary arteries. In each experiment a known amount of histamine 
was added, usually very gradually, to the perfusion fluid. At the end 
of the experiment the perfusion fluid and the tissue were analysed for 
histamine. | 
Very little description of the perfusion apparatus or of the techniq 
of the experiments is necessary. In most of the experiments the tissues 
were removed from the anesthetized animal as soon as it had been bled 
out. In the experiments where artificial perfusion fluids were used the 
animals were not bled out. The necessary cannul were inserted and the 
tissue was placed in a cabinet in which the air was kept at 37° C. and 
saturated with water vapour. The Dale-Schuster system of diaphragm 
pumps [Dale and Schuster, 1928] was used to circulate the blood, 
which was aerated with oxygen containing 5 p.c. CO, in the Hooker 
artificial lung in the manner described by Burn and Dale [1926]. _ 
_ The results of the kidney experiments are shown in Table VI. A 
protocol of one experiment, in which each of the tissues studied is perfused, 
is given. | 
‘Rep. 3. Kidney. A dog weighing 18 kg. was anesthetized with chloroform. 40 mg. of 
heparin were injected intravenously. 930 c.c. of blood were removed from the aorta and 
collected in a vessel containing 100 mg. of heparine. The aorta and vena cava were cut, 
between ligatures, just distal to the origin of the renal vessels. All branches of the aorta 
and vena cava were ligatured for a distance of 3 cm. above the renal vessels. Cannulz were 
placed in the aorta and vena cava, and the kidneys, with some 10 cm. of each ureter attached, 
were removed, Weight of kidneys 93 g. Connections with the arterial and venous 
of the perfusion apparatus were made and the flow of blood was started. The rate of flow 
was kept constant at approximately 65 c.c. of blood per minute, 200 mg. of histamine in 
50 o.c. of Ringer’s solution were added from a burette during the first 2 hours of the per- 
fusion. Calculated anipunt of histamine in kidneys at beginning of experiment was less 
than 1 mg. Some urine was secreted during the first 2 hours. After 4 hours the perfusion 
was stopped. Weight of kidneys, which were cedematous, was 127 g. Histamine contained 
in kidneys 8 mg. Histamine contained in the perfusion fluid and washings from the 
. apparatus 36 mg. Histamine inactivated 156 mg. 

Exp. 4, Liver. Weight of dog 14kg. Weight of liver 480g. Volume of defibrinated 
blood 950.0, Blood flow from hepatic vein 1600.0. per minute. 100 mg. of histamine 
added slowly during the first half-hour of perfusion, Calculated t of histamine in liver 
at beginning of experiment 17 mg. Liver increased considerably in bulk. Weight after 
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Hista- Hista- 
mine mine. Total 
Weight Total 
of Volume Histar Pos dir after histamine 
(mg.  (br.) mg.) (mg.) (mg.) —(mg,) 
Kidney — 103 10 3 O28 O06 . 
Kidney — 127 930 blood 3 08 68 we 
Kiiney — 00blood+ 100 3 12 66 78 
‘Kidney 90 186 G10blood+ 300 4 42 108 150 150 
100 saline 
Kidney 149 207 950 blood 10 
Kidney 137 178 800 blood 20 44 #29 22 6&1 1949 
‘Kidney 52 178 430blood+ 200 07 O1 08 1992 

Kidney 150 202 1100 1804 
Kidney 99 157 840 blood None 4 O38 O4 O07 — 
gontrol 

liver — 158 950 blood + 
liver — 1728 = lood+ 10 3 6 «10 
liver — 48 940blod 200 4 112 3% M42 88 


4 hours 720 g. Histamine contained in liver 68 mg. Histamine contained in perfusion fluid 


and washings 25 mg. Histamine inactivated 24 mg. 


liver inactivated 26 mg. and 21 mg. of histamine. 


Hap. 5. Isolated limbs. Isolated limbs from a dog weighing 7 kg. were perfused with 
500 c.c. defibrinated blood at the rate of 130 c.c. per minute. 100 mg. of histamine added 
slowly during the first hour: 4 hours’ perfusion. Histamine in muscles and skin 41 mg. 
Histamine in perfusion fluid 12 mg. These figures suggest that about 47 mg. of histamine 
were inactivated, but some may have been retained in the bone marrow. 


Exp. 6. Heart. The heart was removed from a 10 kg. dog under ether, and was perfused 
through the coronary arteries in the usual manner. 25 mg. of histamine were added slowly 
to the perfusion fluid. The heart beat grew progressively weaker. At the end of 3 hours the 
perfusion fluid contained 18 mg. of histamine and the heart 5 mg. In none of these experi- 
ments was there any evidence of inactivation of histamine or formation of any depressor 
substance, In control experiments the isolated heart beat well for at least 3 hours. In the 


usually not satisfactory for that period. 


Perfusion flud. 
In several experiments the amount of histamine inactivated by the 
oxygenated perfusion fluid alone was determined. Histamine does not 
disappear from oxygenated Ringer’s solution under the conditions of 


our experiments. The amount inactivated by 600c.c. of oxygenated 
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defibrinated blood in 4 hours was never greater than 2 mg. It may be 
mentioned here that blood added to kidney powder accelerates the in- 
activation of histamine, but relatively large amounts of blood are 
necessary (200 ¢.c. of blood to 200 mg. of kidney powder). We-have not 
found any histaminase activity in the ee 
(50 .c, samples) which have been studied. 


Drscvsston. 


The studies reported in this paper demonstrate that the properties of 
the histamine-inactivating material under investigation are those which 
are characteristic of enzymes, and the name histaminase is suggested for 
the system or substance which is responsible for this loss of the physio- 
logical activity of histamine. The optimum conditions for the action of 
this enzyme are quite different from those of the tyramine oxidase. The 
physiological activity of tyramine is not destroyed by histaminase. The 
distribution of histaminase in the body is not the same as that of the 
tyramine oxidase. 

A study of the distribution of histaminase in dog’s tissues shows that, 
in this species, the kidney and intestine are the richest sources of the 
enzyme. It is not difficult to suggest a reason for the presence of relatively 
large amounts of the histamine-inactivating material in the wall of the 
‘intestine, since it has been shown that the amine is destroyed during 
passage from the lumen of the gut into the blood [Koessler and Hanke, 
1924]. If it should be shown that some, as yet undetermined, product of 
the histamine-histaminase reaction is needed in the body, an adequate 
explanation of the presence of histaminase in such amounts in renal 
tissue might be forthcoming. It is possible that the kidney is particularly 
sensitive to histamine, and that the high concentration of histaminase 
exerts a protective action. The absence of the enzyme from heart muscle 
is an interesting point. In a number of experiments with heart muscle 
an increased depressor value, which was not demonstrable in the atropin- 
ized animal, was noted afterincubation. As this finding was notinvariably 
obtained, further study is needed before its significance can be discussed. 
The distribution of histaminase in the intestine is worthy of further 
investigation. The results thys far obtained indicate that the substance 
is present in very small amounts, if at all, in the dog’ s stomach, and they 
suggest that there is no very significant variation in the concentration in 
various parts of the intestine. A more detailed study may show that this 
latter finding is only relatively true. Skeletal muscle, liver and spleen 
Lung and blood contain 
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L moderate amounts of tle enzyme. It will be interesting to study the 
- histaminase content of the tissues of animals which are more or less 


. susceptible to histamine than the dog. A convenient unit of histaminase 
_ would be the activity necessary to destroy 1 mg. of histamine during 
_ 24 hours’ incubation at 37° C., in a phosphate buffer solution at pH 7, 


The figures in Table I show that the lungs of the dog do not possess 


8 high a concentration of histamine as the liver or intestine. In un- 


published work we have found that the histamine content of normal cat’s 
lungs is approximately 10 mg. per kg. of tissue. Beef or horse lung may 
contain 60 to 90 mg. per kg., which is appreciably greater than the 


amount found in other tissues of the same species. Investigations to 


determine the significance of the high concentration of histamine in lung 


tissue should, therefore, be carried out, using these, or perhaps other 


herbivorous animals, rather than the dog or cat. 

The study of the properties of histaminase has been facilitated by 
the preparation of a stable powder from fresh beef kidneys. The optimum 
conditions for the activity of histaminase and the effects of change in the 
ratio of the amounts of enzyme and substrate are very similar to those of 
many other enzymes. The inhibiting effect of citrate and of calcium, and 
the favouring influence of phosphate ions, are interesting points. The 
complete inhibition of histaminase by small amounts of cyanide and by 
the lack of oxygen indicate that the change produced 1 in histamine is 
oxidative. Preliminary experiments show that there is an uptake of 
oxygen during the inactivation of histamine, but it has been decided to 
postpone a comprehensive study of this subject until a more concentrated 
preparation of histaminase is available. Attempts to recover histamine 
by treating the histamine-histaminase mixtures after incubation with 
reducing agents have been unsuccessful. Although considerable time has 
been expended in studying the histamine-histaminase reaction, little is 
known as yet about the mechanism. Under certain conditions, which are 
described above, the iminazole ring is broken during the reaction, and the 
loss of iminazole is roughly parallel to the decrease in histamine content of 
the solutions. We have not proven that histaminase cannot produce some 
loss of the physiological activity of histamine without a breaking of the 
iminazole ring. A short study of the inactivation of histamine by 


formaldehyde is included in this paper, since the results demonstrate 


some differences between the mechanism of this type of inactivation and 
that of histaminase. Formaldehyde produces an immediate effect upon 
histamine as judged by the loss of physiological activity, which is de- 
creased by about one-half. The condensation product presumably formed 
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is: decomposed: by boiling with hydrochloric acid and two-thirds of the 
lost activity may: be restored. Histamine loses all its activity when it is 
incubated for some time with formaldehyde. Amounts of formaldehyde 
_ greatly in excess of that theoretically required to combine with histamine 
cause.only a partial'loss of activity within a limited time. Large con- 
centrations of formaldehyde affect an isolated uterus, so that it no longer 
responds .to histamine. This is probably due to a poisoning effect upon 
the uterine muscle and not to a reaction with histamine. te 
- The results of the experiments on the distribution of histaminase 
sugyest that the kidneys may be particularly adapted for the inactivation 
of histamine in the body. The perfusion experiments can be regarded as a 
step in the direction ofa study of the physiological significance of 
histaminase. The conditions under which the kidneys were perfused were 
not as satisfactory as those used in the investigation of urine formation 
[Verney and Starling, 1922]. A few minutes elapsed from the time of 
death of the animal and the start. of the perfusion. No difficulty in 
obtaining the moderate blood flow provided in these experiments was 
encountered under these conditions. The kidneys appeared normal during 
control experiments, and when the histamine was added slowly the tissue 
was not conspicuously cedematous for the first hour or more of the per- 
fusion. Extreme cedema was usually present at the end of the experiment. 
In the experiments with kidneys very little histamine was found in the 
tissue at the end of 4 hours. When liver was perfused, relatively little 
histamine disappeared in spite of the much greater amount of tissue and 
a more rapid blood flow. A large amount of histamine was found in the 
liver at the end of the experiment. Meakins and Harington were led 
to suggest, by the results of their experiments on the absorption of 
histamine, that the liver might act as a trap for the amine. The results 
of these liver experiments are in accord with the findings of Dale and 
Laidlaw [1910], and Guggenheim and Loeffler [1916], who were 
_ unable to demonstrate the inactivation of more than very small amounts 
of histamine under similar conditions. The very rapid inactivation of 
histamine by the perfused kidneys gives support to the suggestion that 
the kidneys may perform the same function in the intact organism. In 
the kidney-perfusion experiments, as would probably be the case in the 
living animal, small quantities of histamine are presented to large amounts 
of histaminase and the conditions are, in so far as the relative concentra- 
tion of the two factors is concerned, favourable for the rapid inactivation 
of the amine. The results of the perfusion experiments in general support 
the findings of the distribution study and, in addition, suggest that 
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further investigation of the physiological significance of histaminase will 
be profitable. 

Since it has not been established that histamine is the causative agent 
in any pathological condition there would be no obvious clinical applica- 
tion of histaminase, even if it should be established that the ability of an 
organism to inactivate histamine can be increased by administration of 
the enzyme. It is hoped that histaminase may prove a useful tool in 
the study of the physiological significance of 


SUMMARY AND CONCLUSIONS. 


1. The properties of the histamine-inactivating substance a: are ehicee 
characteristic of enzymes, and the name histaminase is suggested for the 
active material which, under the conditions of our experiments, produces 
the change in structure of the histamine molecule that is responsible for 
the loss of the physiological activity of the amine. 

2. Astudy of the distribution of histaminase in the dog indicates that 


_ kidney and intestine are the richest sources of the enzyme in this species.: 


3. In the dog the histamine concentration in the lungs is.not as high 
as that in certain other tissues. | | 

4. The histamine-histaminase reaction is inhibited by lack of oxygen 
and by small amounts of cyanide. Under certain conditions the decrease 
in the iminazole content of the solutions is roughly parallel to the loss of 
histamine. This finding suggests that histaminase produces a rupture of 
the iminazole ring in the histamine molecule. A short study of the action 
of formaldehyde on histamine has revealed certain differences in the 
mechanism of action of the aldehyde and of histaminase. 

5. Perfusion experiments have been carried out using kidneys, liver, 
heart and hind limbs of the dog. The results show that the isolated kidneys 
inactivate histamine much more rapidly than the other tissues investi- 
gated. 

6. The significance of the results of this study of the inactivation of 
histamine is discussed, and the direction that further work will take is 
indicated. 

It is a pleasure to express our thanks to Miss Gertrude Gavin, M.A., 


for the expert assistance she has given us in certain aspects of this 
work. 
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THE CARRIAGE OF CARBON DIOXIDE BY BLOOD. 
By M. N. J. DIRKEN anp H. W. MOOK. 


(From the Physiological Laboratory, Groningen, Holland.) 


INTRODUCTION. 


Te opinion held by Bohr, Bayliss and others of the existence of a 
direct union of COQ, with hemoglobin, has quite recently again been 
placed in the foreground by the two papers on “carbhemoglobin” of 
0. M. Henriques [1928, 1929]. In a series of experiments on the velo- 
city with which gases are taken up by fluids the present writers [1930] 
were able to show that in the first 0-005 sec. of contact between gas and 
fluid the same quantity of carbon dioxide is absorbed by water, serum 
or hemoglobin solution. From this they concluded that in this very 
short period no CO, is combined either by serum or by hemoglobin. 
The next step was to try to determine the time required for the union 
of CO, with the various constituents of the blood, and for this purpose 
the principle, made use of by Hartridge and Roughton [1923], was 
incorporated in the apparatus used in the previous experiments. Thus 
the fluid to be examined could be mixed with another one saturated with 


CO, and, after some other alterations had been made in the instrument, it 


was possible to measure either the CO, tension or the H-ion concentration 
of the mixed fluid at any moment from about 0-05 sec. up to about 4 sec. 
after the moment of mixing. These readings were compared with measure- 
ments taken when the state of equilibrium had established itself. 


METHODS. 


(a) Mearurement of tha 00 tension of the fd shorty fr 
addition of CQ,. 

A general view of the apparatus in its final form is shown in Fig. t. 
while 3 more detailed illustration of its principal parts is given in Fig. 2. 
The reagents to be mixed are contained in the four syringes a, a (each of 
20 ¢.c. capacity) and are ejected with constant velocity by a clockwork 
—— which, by pulling the wire c, presses down the 
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metal disc b. The fluids come in contact with each other in the mixing 
chamber d (diameter 2 mm.) and, as they do not enter radially, a strong 
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Fig. 1. 
rotatory motion is set up, which ensures a thorough mixing. The mixed 
fluid leaves the chamber by the opening /, passes through g and 4, falls 
in a fine jet (diameter 1-2 mm.) through the gas chamber & and leaves this 
by. opening / (diameter 1-5 mm.). When the rate of flow has been cor- 


rectly adjusted the gas can-readily be prevented from leaving the gas 


chamber through 1 by keeping the level of the fluid in tube s exactly up 
to this point during the experiment. This can be done by regulating by 
means of the rack and pinion m (Fig. 1), the height of the suction tube n, 
which is connected to a filter pump. Reliable results can only be expected 


_ if the jet of liquid in the gas chamber has the appearance of a slender glass 
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rod, énd-this hag to he obtained by adjusting the velocity of the flow 
of liquid. For this, n jt was impossible to use the same rate of flow 
in all experiments, and, therefore, the observed periods vary in the 
various experiments. 

In entering the gas chamber the 
fluid comes in contact with an atmo- : 
sphere of pure CQ,, saturated with 
water vapour, with which the gas 
chamber has been washed out before | 
each experiment through the tubes 
and r. After closing stopcock o and oy 
connecting the gas chamber with the 
capillary tube p, the absorption of 
by the fluid can be measured by noting 
the movement of a drop of kerosene. ee! oF Ga 
Now it was found that under identical 


conditions the gas absorption in a given 


time depends solely upon the tension of 
the gas in the liquid as can be demon- ey, 
strated by the following experiment. 

If CO,-saturated water is mixed with 

CO,-free water, so that the degree of 

saturation in the resulting fluidsis0, 
20, 40, 60 and 80 p.c., the amount of 
CO, taken up by each of these mixtures 
in 100 seconds by running them through 
the apparatus appears to be: 0 p.c., 
0-975.¢.c.; 20 p.c., 0-778 .c.; 40 p.c., 
0-572 ¢.c.; 60 p.c., 0-373 0.0.; 80 p.c., 


2. 
data, ‘shows a linear function between - es 


the volume absorbed and the gas aoc’ 

Identical experiments were on. other fluids, 
only variation consisting in bringing the mixture up to the required gas 
tension in a tonometer in contact with gas of known CO, tension. These 
observations show that for serum and Hb.solution, too, the result is a 
straight line, which is not so remarkable, as our earlier experiments [1930] 
rt, That the straight line does not pass exactly through the point of 100 p,c. saturation, 


mixture happened to be not fully saturated with CO,. : % 
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have shown that in the short time of contact with the gas no CO, is 


combined either sh serum or by —— 


0-1 
10 30 iC 50 BC 70 0 100 
p.c. saturation 
Fig. 3. 


_ If there exists a simple connection between the velocity of CO, 

absorption and the gas tension of the fluid, then it must be possible to 
deduce, by the aid of the diagram, the concentration of CO, in a solution 
from the amount of carbon dioxide taken up by it in a given time. To 
try this two of the syringes of the apparatus were filled with CO,-free 
and the other two with CO,-saturated water, so that the degree of 
saturation ought to be 50 p.c. The actual gas absorption measured with 
the apparatus was 0-473 c.c. per 100 sec., which according to the diagram 
corresponds to 50 p.c. saturation. 
_ In calculating the concentration of CO, in solution from the velocity 
of gas absorption it is necessary to construct a diagram for each fluid to 
be examined. This, however, can easily be done, as we know the result 
to be a straight line, and, therefore, it is sufficient to determine the 
amount of CO, taken up per 100 seconds by the CO,-free fluid and to 
absorptitn = 
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() Measuremen: of the pH of the fluid a short time after 
the addition of CO,, 
The pH of the mixed fluid was measured electrometrically: for this 


purpose the gas chamber with its tubes was replaced by a small vessel 
shown in Fig. 4. 


Fig. 5, 


A short piece of glass tube (internal diameter 2-5 mm.) was cemented 
to the outflow tube (h, Fig. 2) of the apparatus and the electrode (a, 
Fig 4) introduced in this tube so that the outflowing fluid covered it 
completely and no CO, was lost to the atmosphere; b is the agar tube of a 
standard calomel electrode, tube c is connected with a filter pump and 
keeps the fluid level in the vessel down to the glass part of the electrode. 
The £.M.F. is measured in the usual way with a potentiometer. In most 
of the experiments to be mentioned quinhydrone has been used with a 
bright platinum electrode; in the experiments, however, on hemoglobin 
we used the antimony electrode, to be described by Brinkman. Both 
electrodes were controlled at the beginning and at the end of each set of 
experiments by measuring the pH of a known buffer solution. The 
reaction time of both was short enough for our requirements and the 
readings were quite reproducible. The effect due to movement of the 
fluid along the antimony electrode actually used in our experiments 
happened to be small and constant and was measured to be about 
0-5-1 millivolt. 

As Dr Roughton suggested to us, the possibility existed that the 
electrode does not give the pH of the average fluid moving past it, but 
of a relatively stagnant film in immediate contact with the electrode. 
The question of this stagnant film has been discussed by him in his 
paper on the measurement of temperature of rapidly moving fluids[1930}, 
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and in order to get information on this — we have copied his control 
experiments. 

On mixing 0-06 V bicarbonate (pH 8-27) with 0-006 N hydrochloric 
acid, carbonic acid is formed, as will be shown later on (Table IT), at such 
a rate that the reaction is finished in about 4 seconds, starting with great 
velocity and slowing up towards the end. If, therefore, stagnant films 
around the electrode have any appreciable effect on the readings their 
influence must be felt most at the beginning of the reaction, when the 
pH changes are greatest. ‘The readings were taken 0-06 sec. after the 
mixing firstly with the electrode in a glass tube of 2-5 mm, internal 
diameter, This was then replaced by a tube of 1-05 mm. internal diameter, 
and again measurements made. Although the stagnant film in the second 
case must have been a great deal thinner than in the first, owing to the 
much greater velocity with which the fluid was flowing past the electrode, 
and the measurements moreover were done at a moment in which the 
pH of the fluid was still varying greatly, no difference was found, as is 
shown by the following readings of the potentiometer: 

Wide tube (2-5 mm. int, diam.): 90, 84, 82, 82 millivolts. 
Narrow ,, (1-05 ): 82, 86 | 

It must, therefore, be regarded as improbable that a significant error 

is introduced in our experiments by stagnant films around the electrode. 


(c) Method of varying the time interval between the beginning 
of the reaction and the moment of observation. 


It is obvious that, at a given rate of flow of the fluid, the volume of the 
_ tubing between the mixing chamber and the gas chamber determines the 
time taken by each particle of fluid to travel from one to the other. 
At least this would be so if the fluid moved as a solid mass, but, when the 
rate of flow remains below the critical velocity, an axial flow develops 
if straight tubes are used. This being the case, in our apparatus the route 
to be travelled by the fluid was made as tortuous as possible. This was 
done by drilling holes of 2 mm. diameter (Fig. 5 a, a) in a brass disc and 
connecting these with grooves of 1 mm., care being taken not to let the 
fluid enter axially, so that in each 2 mm. hole a strong rotatory motion is 
‘set up. This disc can be clamped between the discs g and A (Fig. 2), and 

by turning disc g before screwing on the clamps the amount of holes and 
therefore the distance to be travelled by the fluid can be varied. The 
effectiveness of this arrangement was tested by the following experiments. 
The mixing chamber was replaced by a metal three-way stopcock and ’ 
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the syringes by two glass bulbs, which were each connected to a tube of 
the stopcock, the third tube of which was very short (1-5 mm.), so that 
the fluid on leaving the stopcock immediately entered the hole (Fig. 2). 
Of the two glass bulbs one contained water and the other 10 p.c. 
KOH, both fluids under pressure of the same column of mercury, and 
thus by turning the stopcock either one or the other of these fluids could 


be moved through the apparatus with practically equal velocity. The 


further set-up was as illustrated in Fig. 1, but the capillary tube p was 
replaced by a very sensitive membrane manometer carrying a small 
mirror. Therefore it was possible by optical registration methods to note 
exactly the moment when, on turning the stopcock, the jet of water in 
the gas chamber was changed into a jet of alkali by the acceleration of 
the rate of OO, absorption. As we knew from our earlier experiments 
{1930} that the CO, absorption at the surface of a fluid is practically 
instantaneous and, moreover, that the velocity of CO, absorption of 
KOH solutions varies with the strength of the solution, it was possible 


to deduce from the resulting curves exactly the moment of change from 


water to alkali, and also if this changing over takes place gradually or 


abruptly. The stopcock was turned by releasing a spring, the moment of _ 


changing from one vessel to the other being registered by an electrical 
signal. In order to make the sensitivity of the recording system as great 
as possible, a specially narrow gas chamber was constructed and the 
amount of tubing between the gas chamber and the manometer kept as 
small as possible, tube r (Fig. 1) being omitted completely. Fig. 6.4 shows 


Fig. 6. 


a typical curve, time is in 1/5 second. At a the stopcock is turned, no 
variation in the rate of gas absorption resulting until the KOH appears 
in the jet, and shortly afterwards the new rate of gas absorption i is in- 
stalled. The time for changing from one rate to the other varies with the 
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distance between stopcock and gas chamber, but even when it takes the 
alkali 4 seconds to reach the jet the change is completed within 0-1 sec., 
thereby introducing an error in the time measurements not larger than 
3 p.c. For comparison purposes the curve is given too (Fig. 68) when a 


Fig. 6 8. 


straight capillary tube of 1 m. length and 1 mm. diameter is placed be- 
tween stopcock and gas chamber. The changing over takes place much 
more gradually, showing that a strong axial flow has been developed. In 
this way @ good many curves were obtained with varying volume of 
tubing between stopcock and gas chamber. The results of the experiments 
with the disc described above justify the calculation of the time taken by 
a particle of fluid to reach the jet from the volume of the tubing between 
the stopcock and the gas chamber and the rate of flow of the fluid. The 
latter has been determined during each experiment by noting the time 
required for a given displacement of the _ of the syringes, which 
had been calibrated for this purpose. 


(d) Measurement of the CO, tension and the pH half an hour after 

the mixing. 

In some experiments measurements of the CO, tension and the oH 
were done in order to find out if any alterations took place a long time 
after the mixing. In this case the reagents, after being mixed in the 
apparatus, are expelled from tube A (Fig. 2) in a narrow glass tube be- | 
neath a layer of paraffin oil. Half an hour later all four syringes are 
filled with this mixture, and either the concentration of the CO, in 
solution or the pH is measured with the apparatus in the usual way. — 


a 
F 
it 
as 
Sa : 
wa 4 
a 
« 
tA 
ve 
5 


CARBON DIOXIDE IN BLOOD. © 381 


(e) Fluids. 

The hemoglobin solutions used in our experiments were made by 
the ether method and; after preparation, diluted with 0-9 p.c. NaCl 
solution to the original concentration of the blood. Ox-blood was used 
throughout, which was defibrinated by hand immediately on bleeding 
the animal, then filtered and a small amount of sodium fluoride added to 
prevent glycolysis. Two syringes of the apparatus were filled with the 
hemoglobin solution, the other two contained a 0-9 p.c. NaCl solution, 
saturated with CO,.- In this way the original fluid is diluted 100 p.c. 
For studying the CO, carriage by blood it was thought advisable to 
carry out the experiments on undiluted blood. The erythrocytes, there- 
fore, of the defibrinated blood were separated from the serum by centri- 
fuging, the latter was then saturated with CO, in a tonometer, and after- 
wards in the apparatus mixed again with the erythrocytes. In this 
manner it was possible to study the alterations in CO, tension and pH 
in undiluted blood. 

DISCUSSION OF RESULTS, 

When N/20 lactic acid is added to a 0-128 M phosphate solution of 
pH 7-76 equilibrium is reached within 0-09 sec. (Table I (a)). If, however, 
water saturated with CO, instead of the lactic acid is added to the phos- 
phate solution, a very slow reaction begins which does not reach its final 
value eyen in 10 secs. (Table I (6) and (c)). Even at a temperature of 
38°5° ©. the reaction after 4 secs. distance from its 
(Table I (d)). 


Tastz I, 
Concen- 
after of CO, 
the in s0- 
Reagents (sec.) (p.c.) pH 
lactic acid 0-09 6-91 
Phosphate sat. 0-09 — 7-74 
©) (temp. 15° ) 3-87 7-64 
) Phosphate + water sat. 0-32 42 sinh 
(temp. 17° 4-4 38 
9-3 34 — 
13-4 
9 
(d) (CO, sat.) 744 
7-10 
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Since the reaction of acids with phosphate solution is very rapid, 
whereas anhydrous CO, is combined slowly, we have to assume, as other 
investigators have done, that H,CO,, once formed, will be combined 
readily enough by the buffer solution but that the hydration of the 

CO, (CO, + H,O + H,CO,) must be slow. 

‘The reaction H,CO, + CO, + H,O was studied by adding 0-006 N 
acid to an 0-06 W bicarbonate solution (pH about 8-2) at room tempera- 
ture and at 39° C., the results showing that this reaction, although much | 
faster than its reverse, still takes seconds to be completed even at body 


temperature (Table IT). | 
Tasty II. 
Time after 
the mixing 
Reagents (sec.) are 
a) Bicarbonate (pH =8-27) + hydrochloric acid 0-088 5: 
0-296 6-13 
0-E13 6-60 | 
0-773 6-90 
1-05 7-02 
4-03 7-32 
7-37 
Bicarbonate = 8:29) +lactic acid 0-092 5-22 
mp 0-276 5-70 
0-617 6-51 
1-82 7-12 
4-03 7:34 
7-45 
Bicarbonate (pH =8-17) + hydrochloric acid 0-095 6-87 
(temp. 39-5° 0-32 7:10 
3 2-7 7-20 
4-4 7°24 
7°26 
| | Identical results were obtained with serum as is shown in Table IIT, 
Taste II. 
7 Concen- 
Time tration of 
after CO, in 
solution 
Reagents 3 mixing (p.c.) pu 
(a) Serum (pH =7-87) +0-9 p.c. NaCl (CO, sat.) 0-057 sec. 43* — 
30 min. 29 aia 
6b) Serum (pH =7-63) +0-9 p.c. NaCl sat. 0-09 sec. — 7-60 
(c) Serum N lactic acid 0-09 sec. 7-40 
(temp. 15° C.) 0-54 ,, ~~ 1-52 
2-08 ,, — 7-56 
7-56 


Neh balution seed in thie nes folly withiOD,, therefore 
43 p.c. was about the maximum that could be expected after mixing the fluids, showing that : 
little or no CO, had disappeared. , 
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acid such as lactic acid being combined fairly rapidly, whereas anhydrous 
CO, takes seconds to disappear. 

We may conclude from these experiments that the absorption of 
anhydrous CO, is rather slow if the CO, is to be combined asa bicarbonate, 
in which case the formation of H,CO, from CO, and H,0 is essential. 
On mixing CO,-saturated water with a hemoglobin solution we find, 
however, a very rapid disappearance of the CO,, equilibrium being 
reached in not much over 0-05 sec. (Table IV), while experiments on 
whole blood give practically identical results. 


Tastz IV. 
: Concen- 
Time _ tration of 
after CO, in 
the solution 
Reagents mixing (p.c.) pH 
(a) Hb solution (pH =7-40) +0-9 p.c. NaCl 0-051 sec. 13 — 
‘ 30 min. 12 _ 
(temp. 15° C.) 
(6) Hb solution (pH =7-40) +0-9 p.c. NaCl 0-076 sec. a 6-52 
sat. 30 min. — 6-52 
(temp. 15° C.) , 
c) Erythr. + sat. 0-083 sec. 22 — 
(temp. 15°C. wo. 30 min. 20 


For the reason given above this CO, cannot be combined as bicar- 
bonate and must therefore be bound to the hemoglobin as anhydrous 
CO, in some complex form as the “carbhemoglobin” suggested by 
Henriques [1928, 1929], unless we ascribe to hemoglobin the function 
of catalyst to the reaction CO, + H,O - H,CQ,. 

In their recent paper van Slyke and Hawkins [1930] suggest a 
catalytic acceleration by the cell contents of the reaction 


HCO,- + H+ == H,CO,. 
As far as we know there is no reason to suspect this part of the CO, 
absorption of needing any acceleration, and, in accordance with Faur- 
holt’s data, our own experiments given above make it much more pro- 
bable that the hydration of CO, is slow, and if therefore hemoglobin or 
some other cell contents act as catalyst it most probably influences the 


velocity of the reaction CO, + H,O == H,CO,. 


SUMMARY, 


An apparatus is described with which it is possible to measure either 


the pH or the CO, tension of a fluid after CO, has been added at various 
moments up to about 4 seconds. 
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The reaction of acids with phosphate solution is found to be very 
rapid, whereas anhydrous CO, reacts very slowly. This suggests that the 
hydration of CO, is responsible for the retardation. 

In the same sense the dehydration of H,CO,, although much more 
rapid than its reverse reaction, must be regarded as slow, which can be 
deducted by comparing the velocity with which acids combine with 
bicarbonate and phosphate. 

If hemoglobin is present anhydrous CO, disappears from the fluid 
just as rapidly as any acid. From this it is concluded either that there 
must exist some direct combination of anhydrous CO, with hemoglobin 
as suggested by Henriques, or else that a catalytic acceleration of the 
reaction CO, + H,O + H,CO, by hemoglobin must occur. 
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| STUDIES ON OVULATION. 
III, Effect of vaginal anesthesia on ovulation in the rabbit. 


By THE A. R. FEE. 
AnD A. 8. PARKES (Beit Memorial Research Fellow). 


(From the Department of Physiology and Biochemistry, 
 Unwersity College, London.) 


I. 


In iniining the mechanism whereby copulation in the costrous rabbit 
causes ovulation in about 10 to 12 hours, two experimental facts are of 
importance: 

(a) That artificial insemination does not cause ovulation 
1925]. 

(6) That ovulation takes place quite normally in the grafted ovary 
after copulation [Friedman, 1929]. 

The first of these facts shows that no chemical action of the seminal 
fluid is involved and, therefore, that the immediate stimulation set up — 
by copulation is probably nervous in nature, but (b) indicates that no 
direct nervous action on the ovary is necessary. 

In Part I of this series [Fee and Parkes, 1929] it was shown that 
hypophysectomy immediately after copulation in the rabbit inhibited 
ovulation, while in Part IV experiments will be reported on the induction 
of ovulation after hypophysectomy by adminigtration of extracts of the 
anterior lobe. The pituitary body is, therefore, definitely involved in the 
chain of stimulation set up by copulation; and, considering the facts 
mentioned above, it may be supposed that copulation causes reflex 
stimulation of the anterior lobe which, in turn, secretes the hormone 
required to produce ovulation. A similar mechanism is presumably i in- 
volved in the rat and mouse, where stimulation of the uterine cervix at 
cestrus by the vaginal plug results in prolongation of the functional life 
of the corpora lutea of ovulation. 

Willingness to copulate in the female rabbit is associated with eleva- 
tion of the hind quarters and erection of the tail, both of which appear to 
be pure reflex action. This reflex is usually initiated in the estrous rabbit 
by activity of the male, but in some cases the presence of the male, or even 
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touching the back of the female, is sufficient to cause the characteristic 
posture. The actual degree of excitation required to cause ovulation has 
not been definitely ascertained and, indeed, must vary somewhat from 
animal to animal, but, according to Hammond [1925], actual penetra- 


- tion by the male is not always necessary. Also, it is well known that 


ovulation may be caused by one doe “jumping” another. In view of 
these facts it seemed scarcely probable that either the copulatory posture 
or the induction of ovulation would be localized reflexes from the vagina. 
Nevertheless, it seemed desirable that the question should be investi- 


gated, and the experiments recorded in the present paper deal with the 


effects of vaginal and vulval anesthesia on the copulatory posture and on 
ovulation. Since the experiments were carried out Meyer, Leonard 
and Hisaw [1930] have reported that the percenitage of rats becoming 
pseudo-pregnant after artificial stimulation of the uterine cervix during 
cestrus is much reduced by general anesthesia. 


Il. 

Novocain in 5 p.c. solution was used in the earlier experiments to 
produce local anzsthesia, but later “ Percain’’ (Ciba) in 0-1 p.c. solution 
was used owing to its longer effect. The method employed was to insert — 
1 c.c, of the solution into the vagina through a fine rubber tube, and then 
to inject 0-5 c.c. into each side of the vulva. Such treatment with either 
substance produced complete anaesthesia of the region, which became 
quite insensitive to cutting or pinching. Contrary to expectation, the — 
handling of the animal involved was found not to affect its willingness to 
copulate 5 to 10 minutes later. 

The animals were opened under urethane at 12 hours after coitus, 


and the occurrence or otherwise of ovulation determined by the ordinary 


ovarian signs. Where ovulation had not taken place at 10 to 12 hours, 
observations were made for a further period before killing the animal. — 


III. ExpPeRIMENTAL RESULTS. 


Control experiments. Before the technique described above could be 
used with confidence it was necessary to know (a) that the handling of 
the animal involved did not affect its willingness to copulate, and (b) that 
the handling, particularly the insertion of the tube into the vagina, was 
not in itself sufficient to cause ovulation, Control experiments were, 
therefore, carried out by using saline for insertion and injection instead 
of the anesthetic. Four animals, thought to be in estrus, were treated in 
this manner. Three were mated within 10 minutes and copulated readily, 
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while the fourth was left unmated. Ovulation took place at the normal 
time in the mated animals, but no sign of it occurred in the unmated one, 
although ripe follicles were present in the ovary. It is, of course, usually 
supposed [Hammond, 1925] that the insertion of tubes and pipettes, as 
in artificial insemination, into the vagina of the estrous rabbit has no 
effect in causing ovulation. The handling of the animals failed, therefore, 
to affect either the willingness to copulate, or the normal relations of 
ovulation. 

Effect of vaginal and vulval anaesthesia on the willingness to copulate. 
In the course of the experiments, two rabbits thought to be in oestrus, 
and subsequently found to possess ripe follicles, were treated and after- 
wards refused to copulate. It was thought possible, therefore, that the 
local ansesthesia had affected the willingness to copulate. Four animals 
were, therefore, allowed to copulate before treatment in order that cestrus 
could be definitely determined. Immediately after copulation novocain 
was inserted and injected, and after the usual interval the animals were - 
again mated. Copulation again took place in all four¢cases, the tail 
erection reflex being perfectly normal. In addition, the eight rabbits 
described in the next paragraph all copulated readily after treatment. It 
is evident, therefore, that anwsthesia of the vagina and vulva has no 
effect on the willingness to copulate or on the tail erection reflex. — 

Effect of vaginal and vulval anesthesia on ovulation. Of eight female 
rabbits copulating during anesthesia of the vagina and vulva, seven 
ovulated in the normal manner. The details are given in Table I. 


I. 
co 
Time of 
ministration au after 

No. of of anesthetic 

animal (min.) (hr. and min.) Result 
UPL 1 “Novocain” 10 12.41 9 follicles ovulated 
UPL 9 5 24.00 9 
UPL 14 “Percain” 5 15.35 ripe 
UPL 17 re 6 15.32 5 follicles ovulated 
UPL 18 a 8 15.25 ee ” 
UPL 20 a 8 17.26 eo 
UPL 21 10 16,35 


These results show conclusively that, under the conditions prevailing, 
the Mechanism by which copulation stimulates the anterior pituitary 
body is not affected by anzsthesia of the vagina and vulva. 
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IV, Summary. 


Local anzsthesia of the vagina and vulva in the rabbit does not affect 
either the copulatory reflex or the occurrence of ovulation after copulation. 


The expenses of this work were defrayed from a grant to A. S. P. from the Medical 
Research Council. | 
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THE REVERSIBLE LOSS OF EXCITABILITY IN 
ISOLATED AMPHIBIAN VOLUNTARY MUSCLE. 


2. A comparison of the inexcitable condition obtained by 
different methods. Chronaxie and potassium diffusion, | 


By H. V. HORTON!. 


‘cbse the Department of Physiology and Biochemistry, University 
College, London.) 


Intropucrion. 


In a previous paper [Duliére and Horton, 1929] it was shown that 
when a frog’s sartorius muscle is dissected without the use of Ringer’s 
solution and is suspended in a moist inert gas or in mercury or liquid 
paraffin, a condition of reversible inexcitability sets in. Dryness is not 
a factor, and chemical changes in lactic acid or phosphagen are not 
involved, but alterations in the time relations of excitability occur. 
Recovery of excitability follows immersion in certain solutions, notably 
sodium chloride, while a muscle which has been soaked in Ringer’s 
solution for about an hour will not thereafter become spontaneously 
inexcitable. It was suggested that diffusion of potassium from the fibres 
into the interspaces of the muscle is the secondary cause of the pheno- 
menon, and that the removal of this “free” potassium by Ringer’s 
solution results in excitability being regained. The object of the present 
paper is to give quantitative evidence in support of this hypothesis, to 
show that inexcitability produced by different methods can be due to 
liberation of potassium from the fibres into the interspaces, and to con- 
sider the general question of diffusion in muscle tissue. 


B. MgTHops FOR OBTAINING REVERSIBLE INEXCITABILITY. 


Various methods are available for obtaining reversible inexcitability: 
1, In freshly dissected unsoaked muscles. 

(a) The spontaneous method referred to above. Applicable to 
 gartorii and to small gastrocnemil. 
(b) All the methods in (2), below. 


1 Assisted by a grant from the Medical Research Council. 
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2. In muscles which have been soaked in Ringer’s solution. 
_. (a) Treatment with solutions of high potassium content. 

(b) Treatment with solutions of low sodium content. 

(c) Stimulation to exhaustion (followed by recovery in oxygen). 

(d@) Treatment with carbon dioxide gas or with Ringer's solution 
saturated with carbon dioxide. 

_(e) Treatment with Ringer's solution at pH 5-5. 

(f) Damage by pin pricks. This method is to 

large gastrocnemii which donot spontaneously become inexcitable. 


C, METHODS FOR EXAMINING THE INEXCITABLE CONDITION. 


_ 1. The failure or success of different solutions and of water to cause 
recovery of excitability. 


2. The diffusion outwards of potassium with recovery of excitability — 


by soaking in solutions such as Ringer’s solution. 
3. Changes of chronaxie and rheobase with onset of inexcitability and 
of excitability. 


| D, THE ESTIMATION OF POTASSIUM. 

The cobaltinitrite method of Kramer [1920] has been modified to 
allow rapid determinations of less than 0-5 mg. of potassium in 2 c.c. 
of solution to be made. 

2 c.c. of the solution to be examined are placed in a centrifuge tube 
(whenever possible the actual diffusion experiment is conducted in the 
tube), and 2 c.c. of a freshly prepared 20 p.c. solution of recrystallized 
sodium cobaltinitrite are added with shaking. The mixture is left for 
1 hour for precipitation to take place. Two drops of freshly precipitated 
barium sulphate suspension, approximately normal in’ strength, are 
added and the mixture is centrifuged. The supernatant liquid is removed 
by decantation (the presence of the barium sulphate results in a firm 
cake being formed), and the upper portion of the tube is wiped with 
clean filter paper. The inside of the tube and the precipitate are washed 
with 5 c.c, of distilled water, care being taken to separate from the tube, 
and to break up, the cake of precipitate, and the mixture is centrifuged 
as before. The washing process is repeated. Owing to the solubility of the 
potassium salt, a slight loss occurs from this washing; washing with a 
saturated solution of the potassium salt was found to be inconvenient and 
so the error was eliminated by the use of a range of standard solutions 
as controls. To the final cake of precipitate 5 c.c. of a freshly prepared 


N ~ solution of potassium permanganate, — 10 p.c. of sulphuric 
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acid by volume, are added. The mixture is well stirred and the tube is 
left in boiling water for exactly 3 minutes. 5 c.c. of N/50 oxalate solution 
are added, and the solution is at once titrated with _ permanganate 
solution. 

The success of the method depends on it being strictly comparative. 


The standards and the tests are treated together and the timing must be 


accurate. No factor can be given. The following results show the accuracy 
that can be expected (Table I). | 


Taste I, Estimation of potassium. Control determinations. 
All solutions contained 0-65 p.c. of sodium chloride, and 0-012 p.c. of calcium chloride. 


_ Solution 1 is normal Ringer’s solution and contains 0-014 p.c. of potassium chloride (i.e. 


0-0073 p.c. of potassium). 2 c.c, were used for each determination. 


Solution Titre titre (mg.) (mg.) 

Blank 0165 
1 0-85 0-7 0-125 0-146 ~145 
1 0-9 0-75 0-134 0-146 - 82 
1 0-9 O75 0184 0-146 $2 
2 1-75 1-6 . 0-285 0-292 ~ 25 
2 18 1-65 0-294 0-292 1-0 
2 18 1-65 0-204 0-292 1-0 
3 2-7 2-55 0-454 3-5 
3 2-7 2-55 0-454 0-438 3-5 
3 2-5 2-35 0-418 0-438 - 45 
4 3-45 3-3 0-588 0-584 10 
4 3-3 0-588 0-584 1-0 
5 4-25 rs 0-730 0-730 0-0 
5 4-35 4-2 0-748 0-730 2-5 


Ezplanation of Table I. 0-146 mg. of potassium is taken as unit quantity ; it is the amount 
of potassium in 2 0.0. of normal Ringer’s solution; the total number of units present in the 
13 titrations above is 36; the sum of the titres is 29-45 c.c. On the average the titre per 
unit of potassium is 0-82 c.c. The “mg. found” column is derived from this factor. The 
low values found when small quantities of potassium are used, and the high values for large 
quantities are probably due to the solubility of the precipitate. In an actual estimation, 
standards are chosen so that similar quantities are compared, and so the absolute error is 
cancelled and the error remaining is not greater than plus or minus 5 p.c., as is shown by 


comparing the separate titration values for the same quantity of potassium. 


E, SPONTANEOUS INEXCITABILITY AND THE EFFECT OF POTASSIUM, 

A muscle which has become spontaneously inexcitable will become 
excitable if soaked for a short time in Ringer’s solution (NaCl, 0-65 p.c.; 
CaCl,, 0-012 p.c.; KCl, 0-014 p.c.). In order to determine whether the 
recovery of excitability is due to the removal of a “toxic” substance 
(e.g. potassium), several such muscles were soaked successively in the 


Same small quantity of Ringer’s solution; it was found that finally no 


bak 
a 
rig 
Xe ~ 
Potassium Potassium 
a 
4 
4 
+ 
A 
ing 
oj 


392 H. V. HORTON. 


recovery of excitability took place and that a muscle which had been 
well soaked in a large quantity of fresh Ringer’s solution became in- 
excitable if soaked in the used solution: such a muscle became excitable 
if soaked in fresh Ringer’s solution again. To determine whether potassium 
can diffuse from a freshly dissected muscle, muscles were soaked in normal 
Ringer’s solution and the initial and final potassium contents were com- 
pared. It was found that in 30 minutes sartorius muscles lost about 
25 p.c. of their total potassium (Table IT). eh 


Tastz II. The diffusion of potassium from freshly dissected muscles. 
Sartorius muscles from the Hungarian giant esculenta frog were dissected, weighed and 
soaked for about 30 minutes in 2 c.c. of normal Ringer’s solution. The muscles were then 
removed and the potassium in the solutions was determined. The “concentration of 
potassium” is expressed as the ratio of the concentration present to that of normal Ringer’s 
solution. 


Weight of Time of Final concen- Potassium lost 
muscle soaking 


(g.) (min. 

0-00 0 10 

0-53 33 16 44:3 
0-52 37 15 42°5 
0-31 32 1-4 65-5 
0-31 32 1:8 85-5 
0-46 32 2-0 64-0 
0-43 32 18 61-6 
0-32 30 15 69-0 
0-36 30 1-8 73-7 


its potassium when immersed in normal Ringer’s solution. ee 
normal muscle is about 320 mg. per 100 g.) 


Spontaneously inexcitable muscles will not regain excitability if 
soaked in Ringer’s solution containing about three or four times the 
normal amount of potassium, while muscles which have been well 
soaked in normal Ringer’s solution (and which, therefore, would not be 
expected to become spontaneously inexcitable) become inexcitable when 
soaked in such a solution (Table ITI). 


Tastz IIE. Recovery and loss of excitability in solutions of different potassium content. 
Freshly dissected muscles were suspended in moist oxygen and left until inexcitable. 
Others were soaked in normal Ringer’s solution. The musclés were then soaked in Ringer’s 
solutions with different potassium contents for 2 hours. During this time tests for ex- 
citability were periodically made. 
Potassium concentration of the Ringer’s solutions used | 

Muscle used 2 4 5 
excitable excitable excitable inexcitable inexcitable inexoitable 

Soaked Remained Remained Remained Became Became Became 
| excitable excitable excitable inexcitable inexcitable inexcitable 
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It is clear that a Ringer’s solution with about 3} times the normal 
amount of potassium has a critical concentration of potassium!. 
Solutions, initially normal in potassium, which had been used, as 
indicated above, for soaking inexcitable muscles and which were no 
longer able to cause a return of excitability to an inexcitable muscle, 


were found to have a potassium concentration greater than three times 
the normal. 


The onset of spontaneous inexcitability is associated with rise in 


recovery of excitability by soaking in Ringer’s solution (Table IV). 


Tasiz IV. Spontaneous inexcitability and chronaxie. 
Sartorius muscles from the Hungarian giant esculenta frog were used. 
Rheobase in  Chronaxie 


Condition of muscle millivolts o 
_ Freshly dissected muscle 43 0-3 
Same muscle after 24 hours 273 7-2 
in wet oxygen 
Same muscle after 24 hours 78 0-3 
soaking in Ringer’s solution 
Freshly dissected muscle after 348 2-1 
Same muscle after 1 hour 202 0-21 
soaking in Ringer’s solution 


complete. 


Soaking a muscle in a solution containing sufficient potassium to cause 
inexcitability results in rise in rheobase and chronaxie; normal values 
may again be obtained by soaking the muscle in Ringer’s solution to 
restore excitability (Table V). As measurements of chronaxie obviously 
cannot be made when the muscle is inexcitable it can only be assumed 
that the rheobase has an infinite value when inexcitability supervenes. 
The upward limit of the measurements made was determined by the 
apparatus used?, 

It, therefore, seems possible that freely diffusible potassium in a 
muscle is a cause of inexcitability. 

1 These results were obtained during March and April. Recent work shows that in 
July and August the critical concentration of potassium may be as high as seven times 
the normal. This probably explains why it is that spontaneous inexcitability does not 
readily occur during the summer months. 


* Chonaxie was measured by the method of condenser discharges. The electrodes 
(silver chloride) were applied to the middle region of the sartorius. 
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Tasix V. Inexcitability by potassium treatment and chronaxie. 
Sartorius muscles of the Hungarian giant esculenta frog were used. 
Rheobase in Chronaxie 
Condition of muscle millivolts o 
in normal Ringer’s solution 


Same muscle after 30 min. in Ringer’s 546 2-5 
solution containing 10 times the normal 
amount of potassium 


Same muscle after 30 min, in normal §—- 106 0-12 
Ringer’s solution | 
Freshly dissected muscle after 2 hours 201 0-21 
a oe followed by 1 hour in 

normal Ringer’s solution | 
Same muscle after 35 min. in Ringer’s 637 1-7 
solution containing 8 times the normal 
amount of potassium 


Same muscle after 30 min. in normal 234 02 
Ringer’s solution | 


Same muscle after 15 min. in Ringer’s | 
solution containing 10 times the normal 325 8-6 
amount of potassium 


Same muscle after 1 hour in normal 
Ringer’s solution 


0-27 


F. [NeXcIrraBILITY CAUSED BY CARBON DIOXIDE. 


In view of the close connection between potassium distribution and 
inexcitability, the inexcitability caused by carbon dioxide, which re- 
mains after all carbon dioxide has been removed by oxygen, and from 
which muscles will recover if soaked in Ringer’s solution, was examined 
to see whether potassium was again involved. It was found that muscles 
rendered inexcitable by carbon dioxide lost potassium when soaked in 
Ringer’s solution in the same manner as spontaneously inexcitable 
muscles; with liberation of potassium excitability returned and the values 
of chronaxie and rheobase, which had risen with onset of inexcitability, 
returned to normal. In these experiments muscles which had been 
previously soaked in Ringer’s solution were used (Tables VI and VII). 
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Tasts VI. The diffusion of potassium from muscles treated with carbon dioxide. 


Pairs of sartorius muscles were soaked for 30 minutes in 100 c.c. of normal Ringer's 
solution. Each muscle was then soaked in 2 0.0. of potassium-free Ringer’s solution for 
$$ hours. In the case of one member of each pair, carbon dioxide was bubbled through for 


2} hours and then oxygen for 1 hour: the companion muscles were not serated at all. All 


Extra of 
Weight of Final Potassium 

muscle potassium lost per 100g. 100g 
(mg.) Treatment concentration of muscle (mg.) mule (mg. ) 

285 Carbon dioxide 3°36 172 

270 Untreated 1-95. 107 

475 Carbon dioxide 6-1 189 89 

490 Untreated 3-36 100 

285 Carbon dioxide 1-95 101 47 - 

260 Untreated 0-98 54 

305 Carbon dioxide 3°72 180 16 

290 Untreated 3-24 165 

455 Carbon dioxide 4-08 132 67 

460 Untreated 2-05 65 


. Tasty VII. Carbon dioxide treatment and chronaxie. 


Rheobase in 
millivolts 


Sartorius muscles were used. 

Condition of muscle 
Freshly dissected muscle soaked for. 125 
24 hours in normal Ringer’s solution 
Same muscle after 24 hours in carbon 625 
dioxide air mixture (concentration of CO, 
increased from 20 to 100 p.c. during 
experiment) 
Same muscle after 24 hours oxygenated 135 
Ringer’s solution | 
Same muscle after 20 hours more in 221 
oxygenated Ringer’s solution 
Freshly dissected muscle after 20 hours 226 
in oxygenated Ringer’s solution 
Same muscle after 2 hours in carbon 396 
dioxide air mixture | 
208 
Ringer’s solu 


oxygenated Ringer’s solution 


0-14 


0-21 


In these experiments the gas mixture at first used was a 20 p.c. eatbon. diouide air 
mixture. The concentration of carbon dioxide was increased until the values of rheobase 
and chronaxie began to rise. If this precaution be not taken, it sometimes happens that 
the muscle becomes quite inexcitable before readings can be taken. Rapid working is 
essential: the value of rheobase was checked after taking the chronaxie measurement. 


The values for chronaxie were accepted only if the rheobase had remained fairly constant. 
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G. INEXCITABILITY CAUSED BY ACIDITY. 


In order to determine whether the effect of carbon dinxides was due to 
a specific chemical action or merely to its acid reaction, experiments were 
made with Ringer’s solution adjusted to pH 5-5 with hydrochloric acid. 

(a) A spontaneously inexcitable muscle was immersed in 50 c.c. of 
the acid Ringer’s solution and its response to stimulation was observed 
with an isometric lever; at first it recovered excitability, but in 30 minutes 
again became nearly inexcitable. Recovery followed immersion in 
Ringer’s solution adjusted to pH 7-4. | 

(b) A well-soaked muscle rendered inexcitable by treatment with 
carbon dioxide was soaked in Ringer’s solution at pH 5-5; it became 
excitable at first but in about 2 hours the response to stimulation was 
rapidly diminishing; treatment with Ringer’s solution at pH 7-4 caused. 
rapid recovery. Oxygen was bubbled through the solution all the time. 

Owing to the difficulty of maintaining a very small amount (2 c.c.) 
of solution at a definite pH in the presence of muscle, the diffusibility of 
potassium from these muscles was not determined. 

It is suggested that the difference in times between the onset “ 
inexcitability by carbon dioxide and by acid treatment is due to the 
different rates of diffusion of carbonic and other acids. The recovery of 
excitability in acid solution is explained by assuming that the potassium 
which had been freed by the carbon dioxide treatment diffused out from 
the interspaces in a shorter time than that required for the hydrochloric 
acid to diffuse in, and to liberate more potassium from the fibres. 

The ee illustrates experiment (6) above. 


1. a 2. Oxygenated solution at pH 5-5. 3. Oxy- 
genated solution at pH 7-4. The initial response corresponded to a tension of 50 g. 


H. INexciTaBILITY CAUSED BY DAMAGE. 


Although the time required for the onset of the inexcitable condition 


did not appear to be affected by the amount of damage inflicted on 
the muscle in dissection, it seemed possible that even the minimal amount 
of damage might be a cause of the potassium liberation. Experiments 
were made to determine whether gross damage would result in reversible 
inexcitability. A sartorius muscle, previously soaked in Ringer’s solution, 
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was pricked with a pin in 50 places; it rapidly became inexcitable, 


re | but recovered in Ringer’s solution. A large (2 g.) gastrocnemius from 
| p the Hungarian giant frog was similarly treated and became almost 


inexcitable within 40 minutes of pricking—it subsequently recovered on 
soaking in Ringer's solution: its companion muscle was suspended in 
oxygen during the experiment and did not become spontaneously in- 
| _ excitable (large gastrocnemii do not become spontaneously inexcitable, 
E and this control was almost unnecessary). Further experiments showed 

) that sartorii which had been soaked in Ringer’s solution liberated more 


potassium to Ringer's solution after pricking than did their companion 
titscles which were not pricked (Table VIII). 


Tastz VIII. The diffusion of potassium from pricked muscles. 
Pairs of sartorii were dissected and one of each was pricked 50 times. Hach was then 
soaked for 24 hours in 2 c.c. of potassium free Ringer’s solution. No oxygen was used. All 


he were excitable at the end of the experiment. 4 
muscle on 10 of | 
(mg.) Treatment ‘ation (mg.) (mg.) 
380 Pricked 3-00 16 
360 Unpricked — 1-55 63 : | 
455 Pricked 337 118 66 | 
380 Unpricked 1:33 52 : 
470 ‘Pricked 4-42 im... 32 
460 Unpricked | 
390 - Pricked 3-37 127 ll 
380 Unpricked 3-00 116 


It was also found that with onset of inexcitability caused aa pricking 
there was a rise in the values of rheobase and chronaxie; with recovery 
of excitability the value of chronaxie fell nearly to normal but the 
rheobase remained high (Table IX). 


Taste IX, Chronaxie and damage to muscle. 

é Freshly dissected sartorius muscles from the Hungarian giant frog were used. 

Rheobasein Chronaxie 

Treatment millivolts 

ay The muscle was soaked for 2} hours 143 | 0-68 

in normal Ringer’s solution 

3 The muscle was pricked in 40 places 150 EE 

cs and left in moist air for 15 min. eee 

= Same muscle after 6 min. more in 150 above 13-2 

Ws Same muscle after 10 min. in Ringer’s 215 38 

Be Same muscle after 20 hours in 260 1-2 

= Ringer’s solution | 
PH.LXX. 26 
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I. Porasstum DIFFUSION. 


Reference has already been made to the inexeitability which occurs 
when a well-soaked muscle is stimulated to exhaustion in nitrogen and 
allowed to recover in oxygen, and Ernst and Scheffer[1928] have 
shown that more potassium is liberated by fatigued muscles than by 
resting ones, when perfused with Ringer’s solution. In examining this 
phenomenon it was found that if muscles are soaked for a sufficiently 
long time in Ringer’s solution, the amount of potassium lost appears to 
be independent of the resting or fatigued condition of the muscle and 


also of the degree of of the x, XI, XII 
and 


Freshly dissected sartorii were soaked in 2 c.c. of Ringer’s solution, transferred to a 
further 2c.c, and soaked again, and so on; the total extraction time was 72 hours, and 
during this time six extractions were made. ee 


Weight of | 100 total 
muscle Potassium lost peg is 320 
(mg.) (mg.) (mg.-) 100 g. (p.c.) 
0-585 183 57 
360 0-820 228 71 


XI, Repested extraction of muscles with Ringer's solution. 
This experiment differed from that described in Table X, only in that the solutions were 


saturated with oxygen during the extraction and in that there were four extractions in 
26 hours. 


Potassium lost Potassium lost 
Weight of per 100g. assuming total 
m | Potassium lost of m is 320 mg. per 
(mg.)- (mg.) (mg.) 100 g. (p.c.) 
430 3 0-71 165 52 
440 0-87 197 62 


-Tasix XII. Repeated extraction of muscles with Ringer’s solution. 
This experiment differed from that described in Table X, in that before each extraction 


the muscles were fatigued almost to exhaustion, No oxygen was used. During 22 hours 
five extractions were made, 


_ Weight of of 

 mausele Potassium lost muscle is 320 mg. per 
(mg.) (mg.) | (mg.) 100 g. (p.c.) 

083 166 


500 0-67 134 | 42 
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XI. Repeated extraction of muscles with Ringer’s solution. 


Each muscle was soaked in 2 o.c. of normal Ringer’s solution for 32 minutes: it was then 
transferred to a further 2 c.c. and soaked for 190 minutes: transferred again and soaked for 
18 hours. Ist. After 32 minutes. 2nd. After « further 190 minutes. 3rd. NES farther 


Total 
Weight Potassium concentration lost per 
(mg.) of muscle (mg.) 
m 


(mg.) ‘Ist 2nd 3rd 1st 2nd 3rd (mg.) 
0-31 . 139 1:27 1-88 18-4 12906 
O31 2; 1:76 .1-58 1-76 36-0 27-0 30 99 
0-46 200 2-12 3-09 820 36-0 67-0 135 
0-43 1:76 1-76 236 . 26-0 26-0 46-0 98 
These results show that the initial rate of liberation of potassium from a muscle is at 
a greater rate than the subsequent liberation. The amount liberated in the first half hour 
is approximately equal to the amount liberated in the next three hours. In the first half 
hour about 10 p.c. of the total potassium of the muscle was liberated, so that the small 
diffusion in the next period cannot be explained on the grounds of change in the con- 
centration gradient unless it be assumed that only a portion of the potassium is freely 
‘ffusibl 


Experiments made with Ringer’s solutions of different potassium 
content indicate that a large decrease in the amount of potassium 
diffusion occurs when the amount of potassium in the solution is in- 
creased to about four times the normal (Tables XIV and XV). 


Taste XIV. Diffusion of potassium from muscles. 


. The muscles were dissected, soaked in about 50 c.c. of normal Ringer’s solution for 
1 hour, and then left for 20 hours in 2 c.c. of Ringer’s solution containing varying amounts 
Ringer’s solution was then estimated. 


Weight of Initial Final 100 “9 
‘ per 
muscle potassium ‘potassium of 
(mg.) concentration § concentration (mg.) 
270 1 2-4 75 
300 2. 3-3 63 
310 , 3 4:3 61 
310 4 4-2 9 


The total potassium content of a frog’s muscle is about 320 mg. per 
100 g. of muscle, while that of Ringer’s solution is only about 7 mg. p.c.; 
yet it appears that an increase in the potassium concentration of the 
Ringer’s solution from 7 to 28 mg. p.c. is enough to slow down the rate of 
diffusion of potassium from a muscle which has lost only about 20 p.c. of 
its potassium and which, taken as a whole, has a potassium concentration 
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of about 36 times that of normal Ringer’s solution or nine times that of 
the solution to which it will not readily diffuse potassium. 


Taste XV. Diffusion of potassium from muscles. 


The (sartorius) muscles were soaked for various times in 50 
and were then soaked for 20 hours in 2 c.c. of Ringer’s solution containing three and four 
times the normal amount of potassium: the amount of potassium in the 2 o.c. amounts of 
solution was then estimated. 


potassium 
concentra- concentra- lost 
Weight of Time of tion in tion in 100 g. of 
muscle preliminary Ringer’s Ringer’s m 
275 st 4 4:3 16 
250 3 42 70 
250 a 4 4-3 18 
265 a 3 3-7 39 
280 45 26 
260 at 3 3-7 40 
235 4 43. 19 
300 4 3-9 44 
300 4 4 46 24 


J. Discussion. 

Reversible inexcitability may be produced by dissection, carbon 
dioxide or acid treatment, damage, treatment with solutions of high 
potassium or low sodium content, or sometimes by anaerobic fatigue 
followed by recovery in oxygen. Removal of potassium by diffusion from 
the muscle results in the excitable condition being regained. The onset 
of inexcitability is associated with rise in the values of chronaxie and 
rheobase; these values return to normal with recovery of excitability. 
After dissection some of the potassium of the muscle becomes diffusible, 
and in two days about 70 p.c. of the potassium may be removed by 
soaking in Ringer’s solution. While, as Ernst and Scheffer[1928] 
have shown, for short periods after dissection fatigue does increase the 
diffusibility of potassium (they used a perfusion method), in a period of 
24 hours there appears to be little difference between muscles at rest. 
throughout or initially fatigued. It may be that the loss of potassium 
in these circumstances is due to the breakdown of semipermeable mem- 
branes, and is a part of those irreversible changes associated with the 
onset of rigor or death. It has been shown by Straub [1929] that in the 
living hen’s egg there is a large difference in osmotic pressure between 
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the yolk and the white, and that this osmotic difference decreases as the 
egg sé di es. 99 

Two general methods are available for producing inexcitability : 
(1) mechanical damage, which may include the slight injuries inseparable 
from dissection; and (2) chemical treatment, which, if the inexcitability 
caused by stimulation to fatigue is due to lactic acid, appears at present 
to consist in a change to an acid reaction. Haywood [1927], using the 
cutaneus pectoris muscle of the frog, found that the effect of carbon 
dioxide in causing inexcitability could not be iniitated by a non-pene- 
trating acid such as hydrochloric acid: it appears, however, in the case 
of the sdrtorius muscle at least that the difference is one of time and, 
if this be the case, that carbon dioxide may act merely in virtue of its 
acidity and not by reason of any specific chemical action, 

A freshly dissected muscle does not lose potassium at a steady rate: 
there is an initial outburst followed by a slow steady liberation of potas- 
sium, This may explain why it is that a muscle which has been well i 
soaked in Ringer’s solution does not soon again become inexcitable. An 
inexcitable muscle will not regain excitability by soaking in distilled 
water, though this treatment, for 20 minutes, does not irreversibly damage 
the muscle, as is shown by its subsequent recovery in Ringer’s solution. i 
It is suggested that, in this case, sodium and potassium both leave the — 
muscle interspaces, or both become proportionately diluted, and that | 
the decrease in the concentration of sodium in the interspaces does as 3 
much harm as the decrease in potassium concentration does good. __. 

The well-known potassium-calcium antagonism does not appear to 
affect the present problem. No increase in the calcium content of a 
Ringer’s solution containing six times the normal amount of potassium 
‘will affect its power of causing inexcitability. 

K err [1929] has shown that the presence of serum in saline solutions 
in which red blood cells are soaked decreases the permeability of these 
cells to potassium. The higher the concentration of serum in the saline 
the higher must be the potassium concentration before potassium will 
enter the cells, and the serum concentration must be below a certain 
value before potassium will leave the cells. 

A freshly dissected muscle when soaked in saline solution loses 
potassium in two stages. There is an initial liberation in 30 minutes of 
about 25 p.c. of the total potassium, followed by a slow outward diffusion, 
which may take 2 days, of a further 50 p.c. This could be explained by 
assuming that two different phenomena are involved. Dissection of the 


muscle, owing perhaps to incidental damage, causes leakage of potassium 
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from the fibres: this potassium i is removed from the interspaces by soaking 
the muscle for 30 minutes in Ringer’s solution. Further soaking results 
in removal of plasma, which, while in the interspaces, would prevent the 
diffusion of potassium from the fibres (except in the event of damage, 
fatigue or acidity), and the fibres become permeable to potassium. This 
hypothesis would explain why it is that a soaked muscle does not become 
inexcitable when suspended in an inert gas although there is plenty of 
potassium in its fibres—there is still plasma in the interspaces and the 
fibres are not permeable to potassium. Fatigue or acidity could cause 
inexcitability either by making the fibres permeable to potassium directly 
or by reacting with plasma constituents and inhibiting the “ membrane 
protecting” properties. 

The experiment which showed that a potassium concentration of four 
times the normal in Ringer’s solution could arrest the outward diffusion 
of potassium may have been performed with muscles which, under the 
conditions of the experiment, had insufficient plasma in the interspaces 
to arrest the diffusion of potassium from the fibres into fluid containing 
a normal (0-014 p.c. KCl) amount of potassium, but had sufficient plasma 
for diffusion to be arrested when the bathing fluid contained a greater 
amount. Thus the concentration of potassium in the fluid in which 
muscles are soaked, which is necessary to arrest the diffusion of potassium 
from the muscle, would depend on the -apaituaa of plasma present. 


K. Summary. 
‘Sartorius muscles (Rana esculenta), which have been waked 
in Ringer’s solution, can be made reversibly inexcitable by treatment 
with carbon dioxide or Ringer’s solution at pH 5-5, by damage with pin 


pricks and by soaking in solutions containing large amounts of potassium 


or small amounts of sodium. The inexcitability so produced is analogous 
to that which ensues spontaneously in a muscle dissected without the 
use of Ringer’s solution and suspended in a moist gas, etc. 

2. Inexcitable muscles lose potassium while excitability is being 
— by soaking in Ringer’s solution. 

. With the onset of the inexcitable condition the values of sisobase 
sad chavientzie rise, to fall again to normal with recovery of excitability?. 
_. 4 For these experiments the electrodes were placed in direct contact with the 
muscle. Preliminary experiments with the electrodes on the nerve, made since this 
paper was written, indicate that with onset of inexcitability due to bathing the muscle 
in Ringer’s solution containing a large amount of potassium, the values of chronaxie and 
rheobase do not rise appreciably: there is, however, a steady decrease in the response 
given by the muscle. This may be explained by Lapicque's theory of heterochronism. 
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4. Sartorius muscles will lose up to 70 p.c. of their total potassium if 
soaked in Ringer’s solution for 2 days. 

5. The loss of potassium from muscles may be considerably delayed 
if the Ringer's solution used for the diffusion contain about four times the 
normal amount of potassium. 

6. A high K/Na ratio in the fibres and a low one in the interspaces 
may be necessary for excitability. Permeability of some of the fibres may 
alter these ratios. 

7. The diffusion of potassium and the ~—" effect of plasma on this 
diffusion aré discussed. 

8. Modifications in the method of Kricies for estimating potassium 
are described. 


In conclusion the author wishes to express his thanks to Prof. 0. 
Lovatt Evans and to Prof. A. V. Hill for their advice and criticism 
during the progress of the work. 
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SELECTIVE ABSORPTION OF CARBOHYDRATES. 


By J. J. R, MACLEOD, H. E. MAGEE 
anp C. B, PURVES (Carnegie Teaching Fellow). 


(From the Physiological Department of the University 
and the Rowett Research Institute, Aberdeen.) 


We have shown [Auchinachie, Macleod and Magee, 1930] that 
 gertain solutes pass from the lumen of surviving segments of mammalian 
intestine into the outer nutrient fluid at body temperature in a manner 
indicating some degree of persistence of selective action in the intestinal 
wall, located probably in the epithelial cells [Magee, 1930]. We have 
also demonstrated that there is an optimal concentration of glucose, 
3M/4, at which diffusion occurs most rapidly under these conditions. 
Further experiments designed to test the significance of the selective 
action and of the optimal concentration are recorded in this paper. In 
particular, attention is given to; (1) comparison of the results obtained 
with the surviving intestine-and the intestine in the living animal; (2) the 
concentrations of sugar remaining in the stomach and intestine of animals 
killed during absorption of carbohydrates. 

Before considering these experiments we will briefly refer to some 
further observations on diffusion of simple solutions of sugars through 
isolated segments. 

In the experiments of the present series our technique as previously 
described [Auchinachie, Macleod and Magee, 1930] has been modified 
so as to prevent any appreciable fall in temperature of the segments 
during their removal from the animal. The abdomen was opened in a 
warm bath of Tyrode, the intestine washed out gently with warm normal 
saline and segments of equal length measured, excjsed and fastened on the 
tubes while still submerged. The segments were not exposed to the air 
for more than a few seconds before being placed in the beaker containing 
the oxygenated Tyrode. 

It had previously been found that glucose diffused at body temperature 
through the walls of surviving loops more rapidly than equal amounts of 
_ equimolecular solutions of xylose, but that at 0° the reverse was often the 
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_ ease. Some variation in the experiment, therefore, appeared desirable. 
 } Accordingly, two loops of rabbit or cat intestine containing equal volumes 
| __ of equimolecular solutions of glucose and xylose, respectively, were kept 
at 0° for an hour; the temperature of the environment was then raised to 
40° and maintained at this level for another hour. At 0° xylose generally 
diffused more rapidly than glucose, and the glucose curve crossed that of 
xylose soon after the temperature was raised, indicating that the selective 

| __. properties of the epithelium were coming into play (Fig. 1). This result, 


360 


essen Glucose 


ad 


Sugar in mg. per 1000.0, outer fluid 


@ 


Fig. 1. Surviving intestine: in one segment 4 c.c. 3M /& glucose, 
in the other 4 c.c. 3M/4 xylose. vs 


which was frequently verified, substantiated our earlier ones and, more- 
over, showed that a temperature of 0° for an hour did not destroy the 
vitality of excised intestine. 

The data previously published dealing with comparisons of the diffu- 
sion of glucose and of other sugars through the wall of isolated intestine 
telate only to xylose. In later experiments we have shown that when 
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arabinose and mannose are similarly compared, glucose diffuses at a 
faster rate than either of these. A typical result is shown below: | 


Temperature 40°. Equal volumes of equimolecular solutions in adjacent segments. 


Minutes ... 30 
Arabinose 158 244 
Glucose 62 188 
Mannose 66 140 206 } 


Absorption of miatures of sugars from ssolated loops and 
from the intestine in situ. 

These experiments were carried out by studying diffusion though the 
surviving gut of rabbits and rats, or by measuring the relative amounts 
of each in the intestinal contents some time after feeding the sugars to 
living rats. The amount of each sugar in the various fluids was determined 
by comparing the reducing (Shaffer-Hartmann method) with the 
rotatory power. A Schmidt and Hansch saccharimeter with a 4 dm. 
tube was used for the latter purpose, and, by using a simultaneous equa- 
tion similar to that detailed by Browne [1906], the ratio of one sugar 
to the other could be calculated. The solutions were made up at least 
24 hours before use by accurate weighing, determination of the reducing 
and rotatory powers of each sugar being made prior to mixing them for 
the experiment. The relative reducing powers were found to be as follows: 
glucose 10; fructose 10; galactose 8-92; arabinose 9-25; xylose 9-75; and 


the polarizing powers: + 6-06°, — 10-26°, + 9-19°, + 12:04°, + 2-15° 


(Venske scale), respectively. The solutions were diluted for the Shaffer- 
Hartmann analysis so as to ensure that at least 6c.c. thiosulphate were 
used for each titration. For the optical observations a clear filtrate was 
obtained by using Schenk’s reagent. The analytical error was about 3 p.c. 

The rats used throughout the investigation weighed 150-200 g. each. 
They were deprived of food for 48 hours and, in order that the stomach 
should be as empty as possible, their supply of water was removed at 
least 30 minutes before administering the experimental food, which was 
given either naturally or by stomach tube. 

Surviving intestine. For these experiments large segments were 
necessary. The proximal or distal half of the small intestine of rabbits, or 
the entire small intestine of rats, 
manner. 

The data (Table I) show that the solutions used varied in oth 
from 6-1 to 24-8 p.c. and that the experiments were interrupted when 
from 7 to 46-7 p.c. of the original sugars had passed through the gut wall. 
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Taste I. Diffusion of a mixture of equimolecular solutions of glucose and 


_ xylose through surviving intestine. 
Total 
sugar which diffused in 
on : into outer to 
in. humen Time nid 
(p.c.) (hr.) (p.c.) (p.c.) 
Rabbit intestine 12-4 2 26 51-4 
12-4 a 14 50-6 
12-4 2 9 50-8 
@1 7 52-6 
13-5* 10 48-5 
3 13-5* 2 17 48-9 
Rat intestine 24:8 Re 19 53-2 
24:8 2 41 50:4 
24-8 1 10 53-7 
24:8 2 46-7 49-8 
8-8 1 36 53-2 


. In these experiments, equimolecular glucose-fructose solution was used. 


Yet in every case the amount of glucose in the outer fluid was practically 
50 p.c. of the total sugar which had diffused and there was, therefore, no 
evidence of selective uptake of glucose from a glucose-xylose mixture. 

Taving rats. Cori’s [1925] method was employed. It was modified so 
that the volume and concentration of sugar remaining in stomach and. 
intestine could be separately determined. For this purpose ligatures were 
applied at cardia, pylorus and terminal ileum, the large intestine being 
discarded. We found it important to tie off the pylorus immediately after 
stunning the rat, since otherwise excessive discharge of gastric contents 
into the duodenum during the death struggle might occur. Each viscus 
was then washed out slowly with exactly 35c.c. normal saline into a 
burette cut off above the tap and closed with a cork, the upper surface 
of which coincided with the first graduation. When all the saline had 
been added the washings were twice carefully squeezed out and the 
volume noted after allowing an interval of 2 minutes for the fluid to run 
down the sides of the burette. A control reading was made by repeating 
the procedure on the empty viscus. The difference between the two read- 
ings was taken as the volume of the original contents. The control volume 
as read off always agreed with that introduced to within 0-15¢.c., the 
gastric contents generally measured 2-5 c.c., and the intestinal contents 
0-3 

_ The rats were fed by stomach tube with equimolecular mixtures of 
glucose and xylose, of glucose and arabinose and of fructose and galactose. 
The first two combinations of sugar were chosen so as to control the 
chance of error depending on the fact that the polarimetric-reduction 
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method used in the analyses would be unreliable if foreign optically active 
or copper-reducing substances were present in significant amount. Any 
serious analytical error of this kind, however, would readily be detected 
when the data of a glucose-xylose mixture was compared with that of a 
glucose-arabinose one; for if, for example, in the first case an observed 
diminution in the ratio of the more dextrorotatory glucose was really due 
to foreign substances, then an apparent increase in the less dextrorotatory 
glucose would be expected in the second, and vice versa, The galactose- 
fructose mixture was employed in order to ascertain if the relative rates 
of absorption of these “physiologically” occurring sugars were the same 
as those found by Cori [1925] (galactose, 110; fructose, 43) when fed 
separately. | 


Taste Absorption of equimoleoalar mixtares of two sugars fed by 
stomach tube to fasted rate (2-5* c.o, fed). 


Strength of Rat killed | 
p-c, 
in mixtures solution fed after sugar in 
(p.c.) (p.c.) (hr.) stomach intestine 
fi 54-8 34-4 
2 
Glucose re 24-6 l 52-5 37:3 
Xylose 45-5 2 52-4 20-5 
27:3 
2 56-8 24-3 
1 54-9 26-6 
Glucose 24-6 2 67-1 17 
Arabinose 45-5 2 62-5 38-5 
3 50-9 12:0 
l 61-1 (33-6 
Fructose 50 
22-27 1 50-5 


* The volume delivered into the stomach was actually lees than that shown. This also 
applies to Tables IV and VY. 
+ These values refer to galactose. 


The results (Table II) for the three mixtures indicate that the per- 
centages of each sugar in the stomach contents were substantially the 
same as those in the mixture originally fed, so that no selective absorption 
could have occurred!. On the other hand, the percentages of glucose 
found in the intestine indicate marked absorption of this sugar in pre- 
ference to xylose or arabinose. The variations in the intestine are large, 
very probably because of inequality in the rate of discharge from the 

+ As results will be presented below showing that there is practically no absorption of 


fed (54-5) is a measure of the experimental error of the entire procedure. 
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stomach, about which more will be said later. The galactose percentages 
show that this sugar was absorbed more rapidly than fructose. 


The optimal concentration of glucose. 
. Experiments on surviving intestine. Attempts were made to determine 
more precisely than was done in our earlier experiments the optimal 
concentration at which glucose diffuses. Table III, which shows a typical 


Taste IIL Rate of diffusion in relationship to strength of sugar solution. 
Glucose in lumen p.c. 
(ileum) 11 #135 #12 136 (16) «6186 «617 «6(Duodenum) 


Time 

Mg. emai p.c. in diffusate | (min.) 
43 57 36 44 46 36 30-7 34 30-7 30 
76 865 705 772 805 73:5 65 692 64 60 
132 147 129 140 1405 1245 114 1225 110 90 


The segments were of equal length and were all taken from the intestine of one rabbit. 
The first segment, containing the 11 p.c. sugar solution, was from the ileal end where diffusi- 
bility would be greatest, diminishing in the oral direction. The ‘bracketed figures are the _ 
most interesting to compare. 
result, explains itself. The data indicate that the optimal concentration 
for surviving isolated intestine is as close to 13-5 p.c., 3 M/4, as can be 
determined, having in mind the increase in permeability of the walls in 
the aboral direction. : 


Concentration of sugar in the stomach and intestine during 
| absorption of carbohydrates. 

Rats were given a meal of whole maize or paste made from wheat 
flour sweetened slightly with cane sugar. In some experiments the paste 
was fed by stomach tube. The rats were killed 1 to 4 hours after feeding, 
and the concentration of reducing substances in the contents of the small 
intestine, expressed as glucose, determined. Some typical results are 
given below: 

Hours after 
food 1 2 25 25 25 33 33 35 365 Av 
Reduction as 
po 280 25 33 38 $24 30 382 12 30 

The average concentration of reducing substances (including dextrins 
and maltose) was, therefore, not quite equivalent to one-fourth the con- 
centration of glucose found to give optimal diffusion in surviving loops 
(3M/4), and there was no correlation between the time after food and the 
observed concentration. 
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It was next decided to determine the concentration of sugar in 
stomach and intestine after feeding weak and strong glucose solutions. 
The weak solutions were usually M/5, and 4 to 7 c.c. were fed by stomach 
tube, depending on the size of the animal. The rats were killed 20 to 30 
minutes afterwards, this short interval being chosen because it was found, 
when M/10 or M/5 glucose was fed, that the stomach and intestine were 
often completely empty after 45 minutes. The strong solutions used were 
3M, 1 to 2 ¢.c. being fed in all the later experiments. With larger amounts 
very variable results were obtained, the stomach always being distended 
and the duodenum often congested. Some of the rats were anesthetized 
with urethane, which was found to have no influence on the results. 

It can be seen from Table IV that when sugar solutions varying from 


Tas.z IV. Effect of feeding sugars on glucose percentage in 
stomach and intestine, and chlorides in stomach. 


54 p.c. glucose (3M), 2 0.0. fed. 
2 4 5 
Volume of 
Rat killed stomach Glucose as HCl in 
contents § Glucose p.c. p.c. in 
(min. ) (e.¢.) in intestine (p.c.) 
4-9 
120 4-2 12-4 71 — 
75 2-9 19-3 6-7 — 
135 2-4 15-0 1-6 — 
120 3-4 9-0 0. 0-37 
90 3-0 19-6 0 0-35 
90 3:3 14-2 2 0-37 
60 2-3 14-0 0 0-30 
Average 14-8 6-2* 0-35 
tGlucose-xylose and 13-7 3-8 
glucose-arabinose, [8-1-18-5} [2-14-5-8] 
galactose-fructose: 11-6 3-3 
total sugar 22-27 p.c. [8-3-14-3] (1-9-4:3] 
(2-6 c.0. fed) Average (total) = 13-4. 
p.c. glucose (M/5), 4-7 c.0. fed. 
30 1-4 3-3 1-8 0-08 
30 3-2 3-2 1-9 0-16 
30 3-0 3-3 2-9 0-14 
20 3-5 0-16 
Average 2-4 0-14 


Thee experiment ar taken from Tale giv the average forthe total 
concentrations, variations being in brackets. 


22 to 54 p.c. were fed in amounts of about 1 g. (2 ¢.c. of 54 p.c. or 5 c.c. 
of 27 p.c.) they were diluted in the stomach to form solutions varying in 
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strength from 81 to 19-6 p.c., with a mean of 13-4 p.c. The variatioris 
were in part due to the presence in the stomachs of most of the rats of 
variable amounts of hair and other undigested material which, owing to 
the small volumes dealt with, could not be separated. They may also have 
depended on the fact that dilution had not always proceeded as far as it 
could in the stomach, but, since our data do not reveal any close relation- 
ship between sugar concentration and the time of feeding, this source of 
irregularity is uncertain. The mean value is close to that of a 3M/4 
solution of dextrose. When an M/5 solution of glucose was fed little or no 
dilution occurred in the stomach. 

The intestinal sugar values were not so ccnitiali-ad those in the 
stomach, but all of them were definitely lower, and this must have been 
due either to dilution by the intestinal secretions or to sugar being ab- 
sorbed more rapidly than water. 

It will be seen that the intestinal concentrations in the case of 3M 
glucose were much more variable than in that of the mixtures. In fact, 
in many of the experiments in which 3M glucose was fed, the intestine — 
was empty at death, although the stomach contained considerable fluid. 
Three of these experiments are recorded. It should be noted that each of 
the mixtures contained a sugar whose rate of absorption was much slower 
than that-of glucose or galactose. This fact, as we shall see, has an im- 
portant bearing on the interpretation of the results. 

Chloride content of stomach. The dilution in the stomach was either the 
result of secretion from its walls or of regurgitation from the duodenum. 
In order to obtain a measure of the importance of the former, the 
chloride content of the gastric contents was estimated as p.c. HCl, the 
stomach being washed out with distilled water instead of with saline. The 
results (Table IV) show that nearly 2} times as much chloride was 
secreted after feeding 3M glucose as after M/5 glucose. This evidence 
strongly suggests that the source of some, if not all, of the diluting fluid 
was the gastric glands. 

In several other experiments the pH of the stomach contents after 
feeding 3M and M/5 glucose to rats was compared with the total chlorides. 
The results of Table IV were confirmed, but no clear relationship between 
pl and chlorides was found. | 

Ligation of pylorus. In order to afford more conclusive proof that the 
stomach was the source of the diluting fluid, it was necessary to ascertain 
whether dilution would still occur when the pylorus was ligated. The 
pylorus was carefully ligated oral to the opening of the pancreatic and 
bile ducts in rats anesthetized with urethane, after which the animals 
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were given 1 to 2 o.c. of glucose solutions varying in strength from 14-4 to 
51:5 p.c. In the case of two of the rats the esophagus and stomach were 
excised separately between ligatures immediately after giving the sugar. 
The others were allowed to remain with the abdomen closed for 1 or 
2 hours. The cesophagus was then tied just beyond the pharynx, in order 
to prevent regurgitation of the fluid into the mouth, after which the 
abdomen was opened, the cesophagus tied in two places just above the 
cardia, and stomach and cesophagus cut away separately. The percentage 
of glucose in the stomach was determined as before; and to the total sugar 
in it was added that adhering to the inner walls of the stomach tube and 
cesophagus, the latter being cet into small extracted ‘with 
water. 

_ The results (Table V) show that practically all the sugar was recovered 


Tastxz V. Dilution of glucose solutions in the stomach of rate 


with ligatured pylorus. 

tration Volume Hours Volumein Glucosein Glucose 
fed before stomach 

(p.c.) (c.c.) killing (c.c.) (p.c.) (p.c.) 
51-5 1 0-1 2-05 21-1)* 98-5 
61-5 1 1-7 25-6 99 
2 2-8 15:7 98:5 
51:5 1 2-75 15-8 98-5 
20 1 1 1-9 9-3 96-8 
20 1 1 1-4 12-7 96-3 
20 1 2 1-8 10-0 98-2 
14-4 ig | 2-15 11-9 95-5 
14-4 2 l 9-6 — 
14-4 2 2 2-25 11-4 — 

Average 12-1 97°7 


and that the gastric contents were diluted to approximately the same 
extent as when the pylorus was patent. As water was removed from the 
rats at least 30 minutes before they were fed, the dilution could not have 
been due to ingested water. The volume of fluid in the stomach was some- 
what less than that required to bring the percentage to that actually 
found, and it is of interest that the secretion of this fluid occurred — 
a few minutes of administering the sugar. 


Discussion. 

The conclusion arrived at in a previous paper, that some degree of 
selective absorption of solutes is manifested by surviving intestine, is 
confirmed by the results of the present investigation. They show that this 
property is not abolished by keeping the intestine at 0° C. for 1 hour. At 
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this temperature. diffusion occurs as through a dead membrane; but when 
the temperature of the nutrient fluid is raised to that of the body, 
selective action returns to a limited extent. It is possible, as Mielke 
[1929] has stated, that a temperature of 0° C. for 4 hours permanently 
destroys om selective function of isolated gut, but this awaits confirma- 
tion. 

The selective powers of the surviving gut wall are shown when the rate 
of transfer of glucose to the outer fluid is compared with that of foreign 
sugars such as xylose, arabinose or mannose, provided the comparison 
is made by placing the different sugar solutions in neighbouring segments. 
Under these conditions glucose is transferred from the lumen more rapidly 
than the foreign sugars. These results agree with Cori’s [1925], which 

were obtained by feeding the sugars separately to living rats. It is also 
interesting to note that Nagano [1902] in experiments on dogs with 
Vella fistulee obtained results in qualitative agreement with those of 
Cori. 

The results of this investigation show that the selective powers are 
not retained by surviving intestine when mixtures of sugars are used. In 
the living animal, on the other hand, glucose was found to be prefer- 
entially absorbed when fed by mouth along with xylose or arabinose. 
Less definite evidence of selective absorption from a mixture of two mono- 
saccharides has been published by Cori [1926a], who concluded that 
glucose was absorbed more rapidly than galactose when a mixture of the 
two was fed to rats; but the yeast-fermentation method which he used to 
estimate the galactose in the presence of glucose is not entirely trust- 
worthy. Sobotka and Reiner [1930], from experiments on isolated 
loops of intestine in situ in etherized rabbits, concluded that both sugars 
were absorbed at the same rate. The average of their rather scanty 
results, however, shows that the rates of absorption were: glucose, 100; 
galactose, 113. 

Having confirmed the observation that diffusion of glucose occurs 
most rapidly in isolated segments of intestine when the concentration of 
the solution is about 3/4, it became of interest to measure the con- 
centration of sugar in the contents of the alimentary canal after feeding 
carbohydrates. The results show that, at the height of absorption of a 
meal of maize or wheat flour fed to rats, the concentration of total re- 
ducing substances in the intestine was equivalent to about 3 p.c. (M/6) 
glucose. Even when pure sugars were fed the highest concentration found 
in the intestine was 11-4 p.c. and most of the values were far below this. 
It should, however, be pointed out that the maize and wheat flour 
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administered to the rats were not pure carbohydrates, and that soluble : 
digestion products other than glucose may have influenced its absorption. | : 
That such influences come into play has been shown by Cori [19266], { 
who found that the presence of glycine greatly impeded the rate of — 
absorption of glucose. It should also be noted that the intestinal sugar 
concentration as determined in our experiments is the mean for the entire 
small intestine, but there is no evidence to show that the concentration pe OE. 
is the same at all levels. This is, indeed, most unlikely. 23 
The results in Tables IV and V indicate that sugar solutions of greater a | 

concentration than 3M/4 are diluted down to this level by secretion from 
the gastric glands before being passed into the intestine. If, however, 
sugar is fed in such concentration or in such amounts as would render the 
stomach incapable of holding the amount of fluid necessary to lower the 2 
concentration to the 3M/4 level, solutions stronger than this ‘escape by : | 
pressure into the duodenum, and we have discovered signs of irritation, | 
such as congestion of the duodenal walls under these conditions. 

These considerations lead up to the question of the parts played by 
the osmotic pressure of the gastric and duodenal contents on the opening 
and closure of the pyloric sphincter. Apperly [1926] put forward the  § 
view that the duodenum regurgitated gastric contents of an osmotic | 
pressure above or below an optimum level which he did not attempt to : 
define. Our results show that weak sugar solutions are discharged more 
rapidly from the stomach than strong solutions, apparently because of 
the necessity for dilution of the latter to about 3M/4. The gastric hydro- 
static pressure could not have been a factor responsible for this result, 
because the volume of contents, after feeding the concentrated solutions, 

soon rose by dilution to volumes as great as the amounts of M/5 solution 
introduced. This finding, therefore, indicates that a low sugar concentra- 4 
tion, and perhaps a low osmotic pressure, on the stomach side tend to 83—_ | 
promote inhibition of the pyloric sphincter. Rapidly recurring gushes or : 
continuous discharge of sugar solutions from the stomach would give 
rise to fairly constant sugar levels in the intestine, which we have found 
to be the case when weak sugar solutions are fed (M/5). When, on the 
other hand, strong solutions, 3M, were used the intestinal sugar varied 
from 0 to 11-4 p.c, These fluctuations suggest that the gastric fluid was 
only admitted into the intestine at intervals between which the sugar in 
the ejected fluid was fairly completely absorbed. a 
Both the 3M glucose and the sugar mixtures (roughly 15M) were 

diluted to about the same extent (3/4) in the stomach, so that in com- ‘ 
paring the modes of discharge from the pylorus in these two cases, the 


a 
if 
ay 
ia 
“Sg 
a3 
“SS 
4 


SELECTIVE ABSORPTION OF CARBOHYDRATES. 415 


gastric sugar concentration may be neglected and attention given only 
to the conditions in the intestine. It will be recalled that the sugar con- 
centrations in the intestine after feeding mixtures of sugars were relatively 
constant, and that they did not reach such high levels as after 3M 
glucose. This result must be related in some way to the slow rate of ab- 
sorption of the pentoses and of fructose. It is clear that the fluctuations 
in sugar content would be less if equal amounts of sugar solution of con- 
stant composition were discharged at intervals into an intestine already 
containing some sugar solution than into one almost empty. The lack 
of wide fluctuations in intestinal sugar after feeding the mixtures can, 
therefore, be attributed largely to the slow rate of absorption of one of 
the sugars in each mixture. Furthermore, since it is probable that the 
stomach ejected its contents in a series of gushes after feeding sugar 
solutions stronger than about 3M/4, the volume admitted at each gush 
into the duodenum might be affected by the osmotic and hydrostatic 
pressure conditions in the intestine. With regard to hydrostatic pressure, 
it is of interest that Wheeldon and Thomas [1922] have shown that 
the rate of emptying of the stomach varies directly with the degree of 
emptiness of the small intestine. 3 

It is clear from the results of this iavennigiiion that the value of 
observations on the surviving intestine, as a means of interpreting the 
phenomena of absorption in the intact animal, is limited and may be. 

SuMMARY. 

1, The existence of some degree of selective diffusion of sugars 
through the isolated surviving intestine of rabbits, rats and cats is con- 
firmed, This property is manifested when equal volumes of the sugar 
solutions are placed in separate segments of intestine, each immersed in 
its own bath of Tyrode solution at body temperature. 

2. This selective diffusion cannot be demonstrated when, under the 
above conditions, mixtures of sugars are used in place of separate solutions 
of each sugar. 

3. Selective absorption is manifested when mixtures of sugars are 
fed to living rats. 

4. That selective diffusion of glucose through the excised intestine 


occurs most rapidly when the concentration of glucose is about 3M/4is 


confirmed. 
5. When sugar solutions in concentrations above 3M/4 are fed to 
rats they are rapidly diluted to about this level by secretion from the 
27—2 
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gastric: glands before being discharged into the intestine,. If for any 


reason they reach the intestine in higher concentrations, congestion of the 
duodenal mucosa may be produced. 

6. The rate of discharge of sugar solutions through the pylorus varies 
inversely as their concentrations. 

7. The concentration of sugar in the intestinal contents Cosel on 
the concentration of the sugar solution fed and on the rate of absorption 


of the sugar. There is some evidence that both of these factors may govern 


the motility of the pyloric sphincter. - 
extent, in the stomach. 


We desire to record our Sndabeidnens to Mr Eric Reid for help with 


the on intestine. 
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THE VAPOUR PRESSURE OF NORMAL HUMAN 
BLOOD. 


By R. MARGARIA}, 


INTRODUCTION. | 


the pressure of mammalian blood is held be 
very constant, the values given by various authors are not strikingly 
uniform. In the case of man there are (uw) the single observations of 
Dreser [1892], Hamburger [1893], Winter [1896], and v: Koranyi 
[1897], who all found a value corresponding to a freezing point of 0-56° C.; 
(6) the observations of V eit [1900] on ten normal people, with variations 
in the freezing point from 0-501° to 0-605°, mean 0-551°; (c)} those of 
Viola [1901] on eight people, with a mean value of 0-562°, and variations 
from 0-544° to 0-57°: those of Krénig and Fueth [1901] who give a 
mean for the freezing point of the blood of — 0-507°, with variations from 
— 0-490° to — 0-509°. Stewart [1899] gives a A for hirudinized blood 
of 0-628°, and Collip [1920] for defibrinated human blood under normal 
conditions, values varying between 0-555° and 0-586°. 


Other authors have tried to determine the osmotic pressure a blood . 


by other methods. Thus Eykman [1897], by the hematocrit method, 
based on the change of volume of blood corpuscles immersed in solution 
of NaCl of various strengths, and assuming as the osmotic concentration 
of the plasma that of the NaCl solution in which the volume of the blood 
corpuscles was unchanged, found values, expressed in g. of NaCl per 
100 c.c. of solution, from 0-84 (A = 0-537°) to 0-89 (A = 0-568°), the 
mean of fourteen observations being 0-856 (A = 0-546°). By a similar 
method Koéppe [1896] found in normal men an osmotic pressure 
equivalent to that of a solution 0-24—0-25M of cane sugar (corresponding 
to a A of 0-546°-0-570°), and he observed on the same person: daily 
variations from 0-225 to 0-27M (A = 0-513° to 0-615°). The same author 
Cogeny variations in the concentration of the blood smaaiinns the 
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ingestion of water or of saline solution. After drinking 750 c.c, of water 
he found a decrease of 6 p.c. in the concentration of the blood, and 
after taking 10 g. of NaCl in 200c.c. of water, an increase of 16 p.c. 
(A observed 0-65°). 

We see (i) that the data of the osmotic pressures of normal men, given 
by the various authors, differ widely, viz. from 0-49° to 0-628", expressed 
in A values, and showing maximum variations of 28 p.c. ; and (ii) the data 
given by the same author differ generally at least by 5 to 10 p.c. This is 
probably due partly to the fact that the accuracy of the cryoscopic 
method and of the other methods employed is not sufficient, and also 
partly to the fact that certain sources of error were not considered. 

This paper is concerned with the determination of the osmotic pressure 
of normal human blood by a measurement of its vapour pressure, by the 
method recently described by A. V. Hill [1930]. The object was not 
primarily to get values of the osmotic pressure at a temperature different 
from that of the freezing point; it has been shown that the strength of 
the isotonic solution (as determined by the haematocrit method) is in- 
dependent of the temperature. The intention was rather to employ a 
method which, as will be shown later, is much more sensitive and accurate 
than any other previously used. 

An attempt to measure the vapour pressure of blood was made by 
Grollman [1928]: he weighed the quantity of water taken out by a 
known volume of dry air of the same composition as alveolar air, passing 
over a given quantity of blood. This method, however, besides requiring 
a large amount of blood, is not very sensitive, certainly less than the 
freezing point method. He observed a depression of vapour pressure of 
dogs’ whole blood or plasma from 0-26 to 0-30 mm. Hg at 37-5° C., with 
maximum deviations of about 15 p.c., values corresponding within rather 
wide limits to those obtained in parallel determinations of the freezing 
which gave more consistent results. 


| Merxop, 

were made on eighteen men sixteen women, 
tween 20 and 45 years of age, all presumably healthy, visiting or working 
at University CBllege. About 2-3 c.c. of blood were taken from the vena 


mediana of the arm in a syringe previously well cleaned with distilled — 


water and dried with alcohol. It was put at once into a clean dry glass 


tube containing small pieces of glass rod, 
shaken to defibrinate. 


Hill’s method of measuring, the — pressure is: based on the 
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difference of temperature caused by the different rates of evaporation of | 
(or condensation on) two solutions with which two equal and similar 
pieces of filter paper are soaked. These are laid on the two sets of junctions 
of a symmetrical thermopile, which is put in a moist chamber and placed 
in a water thermostat. The method has not yet been described in a 
physiological journal: since it may have considerable application in the 
biological sciences, requiring very small quantities of liquid (about 
0-2.¢.¢.), and being, as will be shown later, very accurate, I will briefly 
describe the principle and the technique. , 
The thermopile, as shown in Fig. 1; consists of 70 to 80 silver- 


Fig. 1, Thermopile and chamber for thermal measurement of vapour pressure. a, one face 
of thermopile, showing line of junctions; 6, hole in brass tube; c, glass chamber, with d, 
outlet tube; ¢, copper terminals; /, brass tube carrying insulated copper wires; g, vul- 
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constantan elements, made by electroplating a wire of constantan wound 
upon a brass rectangular frame insulated with bakelite. The two sets of 
junctions are each in a line in the middle of two parallel faces, as sym- 
metrically placed as possible. The wires are insulated with bakelite — 
varnish: the thermopile is trimmed up with dissolved shellac, and is 
finally covered with a thin waterproof layer of a mixture of paraffin wax 
and beeswax by dipping it for a few seconds in the melted mixture. Fuller 
details of the construction of a similar instrument are given sac amit 
elsewhere [1928]. 

The thermopile is mounted on a brass tube which passes ich « a 
rubber stopper. The copper leading-in wires, carried in insulated covers, 
lie in this same brass tube; this is different from the original model, in 
which they passed in a separate glass tube. The new arrangement has the 
advantage of eliminating all glass from the instrument and of avoiding 
strain and possible breakage of the fine wires coming from the thermopile, 
when the chamber is being forced on to the rubber stopper. 

The leads end under two copper terminals on a vulcanite platform. 
A small hole is drilled in the thermopile frame to make contact between 
the insides of the thermopile and the tube, and another in the tube to 
allow equalization of pressure between the chamber and the outside. Thus 
the inside and the outside of the thermopile are both at atmospheric 
pressure, 

The chamber is a large glass tube of about 150 c.c. capacity, forced 
on to the rubber stopper during use. At the bottom it ends in a small 
curved pipe connected with a rubber tube which ends above the vulcanite 
platform. Such an arrangement makes it possible to fill the chamber with 
_ @ gas mixture of known composition by a stream of gas entering at the 
top through the brass tube and leaving at the bottom by the rubber tube. 
During the determinations no gas currents must occur in the chamber, 
and one of the two tubes must be closed, the other remaining open to 
allow pressure equalization to occur with the outside. 

Suppose that on one face (A) of the thermopile is laid a strip of filter 
paper, just a little smaller than the face itself, dipped in solution a, on 
the other face (B) a similar strip of filter paper dipped in solution 6; the 
chamber is kept moist by covering its walls with a large strip of filter 
paper dipped in a solution c. The solution ¢ being in large excess, the 
water vapour pressure in the chamber will be that of this solution except 
in the immediate neighbourhood of 4 and B, where the vapour pressures 
will be respectively those of the solutions a and b. Calling the vapour 
_ ‘pressures of the three solutions p,, p, and p,, the tate of condensation on 
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face A will be k(p, — — pq), and similarly on face B, k (p,— p,). The excess 
temperature attained after some time, when equilibrium is reached, by 
face A will be k’ (p, — p,), and by face B, supposing the instrument to be 
perfectly symmetrical, k’ (p, — p,), where K’ is a constant depending upon 
the temperature, pressure, and thermal conductivity, etc., of the instru- 

ment. The final difference in temperature between the two faces, there- 
fore, will be k’ (p, — p,), which is independent of p,. Knowing the value 
of k for a given instrument at a given temperature and pressure, which 
can be determined by calibration with two solutions of known’ vapour 
pressure, and knowing the vapour pressure of one of the solutions, we can 
easily calculate the vapour pressure of the other solution. 

Since, however, it is very difficult to obtain thermopiles cibeey 
symmetrical at least in their thermal conductivity, k’ will not have the 
same value for the two faces of the thermopile, k’, being different from 
ky. The difference of temperature between the two faces of the thermopile 


— Pa) — (p, — — Pr). 


accurate work. It may, however, be eliminated by making with the same 
instrument two successive determinations, reversing in the second the 
positions of the two solutions on the thermopile, without removing the 
solution on the walls of the chamber, and taking the mean of them. The 
mean of two such determinations, as is easily calculated, is hese 


— Pe) 


where we see that the mean cn of temperature caused by the 
_ different rates of condensation (or evaporation) of the watgr vapour on 
(or from) the two faces of the thermopile is again independent of the 
vapour pressure of the solution on the walls, and is given only by the 
difference of vapour pressure of the two solutions multiplied by the mean 
value of the two constants i’. 

The thermopiles were suspended in their chambers in a ea water 
bath, the temperature of which, as observed by a Beckmann thermometer 
graduated in 0-002°, was kept constant to 0-001° by means of a large 
chloroform-mercury gas regulator immersed in the bath. A very constant 
temperature is necessary since, as was noted by Hill, an increase of about 
1° C. in the temperature implies an increase of about 7 p.c. in the sensi- 
tivity of the arrangement, and a fluctuating temperature causes irregular 
readings. The temperature of the bath in the earlier ne » was 
20° ©., in the later, with a higher room temperature, 
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The thermopiles were calibrated every day, owing to the daily varia- 
tions of the barometric pressure. The deflection of the galvanometer was 
observed when one face of the thermopile was covered with filter paper 
moistened in a 0-92 p.c. NaCl solution!, and the other with filter paper 
moistened with distilled water. The filter papers were of exactly the same 
size and carefully dried before being moistened with the solutions. 

Since the difference of vapour pressure within the range of concen- 
trations involved is practically proportional to the difference of concen- 
tration; and the difference of temperature caused by evaporation or 
condensation of the solvent is proportional to the difference of vapour 
pressure, the deflection of the galvanometer is proportional to the differ- 
ence in strength between the two solutions, or, in the case in which the 
pure solvent was put on one side, to the strength of the NaCl solution on 

the other. On the walls of the chamber was also put the same 0-92 p.c. 
NaCl solution. 

The readings for the blood were always made against the 0-92 p.c. 
NaCl solution, with 0-92 p.c. NaCl solution on the walls of the chamber, 
so that there was in the chamber a vapour pressure equal, or very nearly 
equal, to that of the solutions on the thermopile. These, therefore, were 
not subjected to sensible evaporation or condensation, and their com- 
position remained very constant for a long time, much longer than was 
required for the determination, which was usually not more than 
45 minutes. : 

The solution of NaCl was accurately prepared in large amount by 
dissolving 0-92 parts by weight of NaCl, dried over a flame, in 100 parts 
by weight of distilled water. Two controls of the water content of this 
solution made by drying, one before the beginning, the other at the end 
of the experiments, gave assurance of the constancy in its composition. 
The same standard solution was used throughout the work. 

_ The advantage of taking the measurements of the vapour pressure 
of the blood against that of a solution about isosmotic with it, was to 
reduce to a minimum the difference of temperature between the two sides 
of the thermopile, and so to diminish possible errors in calibration. More- 
over, to use on the walls of the chamber a solution of nearly the same 
vapour pressure as that of the solutions on the thermopile has the ad- 
vantage of reducing to a minimum the effect due to asymmetry of the 
thermopiles. IA fact, supposing that the same solution is on the two sides 
of the thermopile, then p, = p, and the difference of temperature is 


per 100 c.c. of solution. The term “ ‘p.c.” is used always in this sense, 
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(Pe — Pa) (kh 4 — ky). This value will be greater the greater the factor 
(Pe — Pa), +6. the greater the difference of vapour pressure between the 
solution on the walls of the chamber and that on the thermopile, It 
follows also that when two different solutions are placed on the thermo- 
pile, the effect of asymmetry of the instrument will be greater the greater 
the difference of vapour pressure between solution c and solutions a 
and 6, 

To avoid completely the effect due to asymmetry, as explained above, 
for every thermopile two determinations were made, reversing the 
positions of the two papers moistened with the NaCl solution and with 
the blood, the mean of the two determinations being taken. This had 
also the advantage of eliminating the effects of possible constant currents 
originating in the thermopile. 

The chamber was filled with a 5 p.c. CO, mixture in oxygen, so that 
the defibrinated blood was in equilibrium with a gas mixture whose 
partial pressure of CO, was about the same as that of the arterial blood. 
At least two litres of this mixture were passed through the chamber to 
fill it. The mixture was previously saturated with water vapour at the 
temperature of the bath, passing through a moist chamber filled with 
pieces of glass hanging in the bath itself. 

The galvanometer used was a Zernicke moving-coil instrument (Ze 
- by Kipp) with a sensitivity of about 3 to 4x 10-amp. per mm. 
Between the thermopiles and the galvanometer a reversing key allowed 
the direction of the current to be reversed in the galvanometer. The sum 
of two reverse readings was taken so that (a) the sensitivity was doubled, — 
(6) any effect of an E.M.F. originating between the key and the galvano- 
meter was eliminated, and (c) errors due to non-uniformity in the sensi- 
tivity of the galvanometer for different sizes of deflection were avoided. 
The sensitivity of the system was such that 1 mm. deflection of the 
galvanometer corresponded to a difference in strength of the two solutions 
equal to 0-001 to 0-0014 p.c. of NaCl. 

‘The =.m.¥. developed in the thermopiles could be compensated if 
desired by a potentiometer. As the potentiometer was accurately cali- 
brated it was easy to calculate, from the values obtained with it, the 
corresponding millimetres of deflection of the galvanometer. The poten- 
tiometer, however, was used very rarely, only in case the current pro- 
duced by a thermopile was too large to allow the readings to be made on 

the galvanometer scale. 

"When a steady state is reached in the instrument, 
minutes, the readings still show small variations, due perhaps to local 
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fluctuations of temperature in the bath. Five readings, therefore, were 
made for every thermopile, and the mean of them taken. The following 
example of four determinations made with four different thermopiles on 
we same — of blood from subject J. L. ei will — the method. 


Side A of thermopile: blood, Bide A of NaCl 092 po 
NaCl 0-92 Side B of thermopile: blood. 


23 7 18 2 13 20 

| OT 25 6 19 13 14 14 19 

Mean 282 244 6 19-2 28° 46 186 19 
"Mean of the two reverse readings: | 


Deflection{mm.). 198 105 . 98 19-1 
The a the thormop, previously moaarod, expending of NaC po, 
per mm. deflection of the galvanometer, were as follows: 
Thermopile no. . 2. 3 4 
Sensitivity — 0-001120 0-001024 0001085 
So that the deflections of the galvanometer, given above, correspond to © difference in 
concentration of the solutions on the two sides of the thermopiles of = 
| ‘Thermopile no, 1 3 4 
00222 00199 00106 0-0214 

From the direction of the current in the galvanometer the blood was known to be 
_ stronger than the NaCl solution, so that the values obtained must be added to that express- 
ing the concentration of the solution of NaCl, to obtain the value of the concentration of the 
blood expressed in terms of g. of NaCl in 100 g. of water. 

solution in amount corresponding to its partial pressure. The increase in the gas content of 
this solution due to the introduction of the CO, at a partial pressure of 5 p.c., expressed in 
c.c. of CO,, is about 4°c.c. per 100 g. of water, which corresponds to an increase in the 
osmotic pressure about equal to that of half the same quantity, in g. equivalents, of NaCl, 
or to 0-005 g. p.c. of this salt. The true value therefore of the equivalent concentration of 
0-025, Then we have the following values: 


0-9472, 09449, 0-9356, 0-0464; 0-0435. 


_It'is more convenient to express the concentrations of the blood in g. 
of NaCl per 100 g. of water in an isosmotic solution’ of this salt; than in 
terms of the depression of freezing point: we can easily calculate the 
corresponding value of A, this being practically in this range of solutions 
(from 0-5 to 3 p.c. of NaCl) a linear function of the NaCl, with the formula 
A = 0:006'+:0-579, where 2 is the concentration of NaCl in g. ‘per 100 g. 
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of water, or, more quickly, with the nomogram of. Fig. 2. The valued for 
these from Landolt-Bérnstein’s tables. 


Fig. 2. showing’ the rélation between the concentration of « sodium’ chloride 
solution expressed in g. of water, 
freezing 
For every set of four double determinations the probable error of one 
double determination was calculated, and the probable error of the mean 
is given in the following tables, 


air or oxygen, expressed in terms of g. of NaCl in 100 g. of water, 


Parkinson British 0-9439 +0-0017 
2. Hukuda Jepaneso _0-9473 +0-0011 
3. Margaria I 0-9622 +-0-0017 
4. ” 0-9318 +-0-0009 . 
Macve British 0-9588 +0-0010 
6. Clark 0-9431 +0-0012 
7, Hill 0-9432 +.0-0013 
§. Endres German 0-9389 +0-0008 
. 9. Teorell Swedish 0-9511 +0-0020 
10. Gilding British 0-9447 +.0-0051 
ll. Shaw 0-9435 +.0-0020 
12. Hammouda Heyptian 0-9457 +0-0011 
13. . Eggleton : 0-9482 +0-0010 
14. Young 0-9416 +-0-0005 
15. Blow “a 0-9332 +0-0024 
16. Popa Roumanian, 0-9491 +0-0034 
17, Shore. American. 0-9437 +0-0034 
18. Bhatia — Indian 0-9458 +0-0040 
19, Verney British 0-9341* 
* Two double observations only 
) Melville 09214 +0-0009 9. Wright 0-9326 +0-0007 
0-9208 +-0-0008 10. —-0-9196 +0-0008 
2. Taylor 0-9337 +0-0019 ll. Jameson 0-9231+0-0014 
Eggleton 0-9227 +0-0019 12. Girling Smith 0-9298 +0-0017 
4. Grant .0-9378 +0-0010 13. Zeal 0-9260 +0-:0008 | 
5. Tansley 0-9320 +0-0017 14. Pickford 0.016 
6. Kerly 0-9353 +0-0002 15. Jackson 16 
7, Marrian . 0-9401 +0-0013 16. Barrie 0-9248 : 
8, Bell 0-9311 +0-0010 


Each individual value is the mean of eer double determinations by fous aan 
instruments on the same sample of blood. The probable error of each mean is given, 
< average values for all the subjects are: 


‘Men, 0-9447, probable deviation of an individual value =+40-00495, 
Women, 0-9269, | ” = +0°0059,.. 
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- From the values of the probable errors obtained in all these determina- 
tions we can gain an idea of the reliability of the method in measuring the 
osmotic pressure of such fluids as blood, and of its sensitivity. The average 
of the probable errors of the mean, from all determinations, is 0-0015. As 
the number of every set of determinations was 4, the average value of the 
probable error of a single observation is twice this, viz. 0-0030, or about 
0-3 p.c.; and, if we omit from the calculations some determinations which 
were made during very hot weather, when the manipulations of thermo- 
piles and solutions were made in a cold store, so introducing new causes 
of error, this value decreases to about 0-2 p.c. Such an accuracy is not: 
possible by any other method of measuring the osmotic pressure of the 

RESULTS. 

| The results are given in Table I. The mean value! for men is 0-9447 

_ with a probable deviation for a single value of 0-0049, or 0-52 p.c. The 
mean for women is lower, being 0-9269, with a probable deviation for a 
single value of 0-0059 or 0-64 p.c. The difference between the mean con- 
centrations of the blood of men and women is 0-0178, not a great absolute 
quantity, but very definite if we take account of the probable deviation 
_ from the mean, which has a very low value. This is clear if we compare 
the two curves of frequency (Fig. 3) constructed from the data of Table I. 
The area common to the two curves represents 27 p.c. of the total area 
of each curve, which means that only 27 p.c. of the subjects of one sex 
have an osmotic pressure which falls within the range of the opposite sex: 
and, from the measurements of the areas a and 6 in the figure, we can 
calculate that only 0-7 p.c. of men have an osmotic pressure which is as 
low as the mean of the women, while only 2-1-p.c. of women have an 
osmotic pressure as high as the mean of the men. 

Though the number of observations is not very large, the fact that a 
difference exists between the mean values of the osmotic pressure for men 
and for women is statistically certain, The probable error of the mean for 
the blood of men is 0-0011, for the blood of women, 0-0015: the probable 
error of the difference is 0-0019. The difference observed being 0-0178, 
there is no probability that the difference is really nothing. | 

_ From the values of the probable deviations from the mean and fro 
the frequency curves it appears that there is more uniformity in the read- 
ings of the osmotic pressure for men than for women. This phenomenon, 
however, is not quite certain: the standard deviation for the men (cM) 


* For conciseness and clearness the osmotic pressure is givep in terms of the equivalent 
solution of NaCl, g. in 100 g. of H,O, without other desi “ | 
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and the standard deviation for the women (oW) with their probable 
errors have the following values: 

oM = 0-0074 + 0-00080, 

oW = 0-0088 + 0-00105, 
Diff. (¢W — oM) = 0-0014 + 0-00132, 


0°95 0-96 


Fig. 3. Curves of frequency, calculated from the data of Table I, of the osmotic pressure 
of the blood of men (M) and women (W). The osmotic pressure is expressed in terms of 
the equivalent sodium chloride solution: g. in 100 g. of water. 


The probable error of the difference between the standard deviations is 
about equal to the difference itself, which means that there is a prob- 
ability of about 1/4 that the difference is really nothing. 


A difference in the average composition between the blood of men and of women is 
well established in regard to the blood corpuscles: women have about 10 % less blood 
corpuscles than men, and a correspondent amount less of hamoglobin. In respect of other 
constituents, various minor differences also have been found. : 

. From the data collected by Gettler and Baker [1916] in 23 men and 7 women, Dunn 
[1929] calculated (i) that the difference in concentration of uric acid in the blood between the 
two sexes is 1-426+0-1632 mg. in 100c.c. of blood, a difference statistically sure; (ii) in the 
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alksli reserve ofthe plagma a difference, expressed in c.c. of CO, in 1000.0, of blood, of 
2-5807 4-1-3989 (a 94 % probability of the real existence of a difference). On the same data 
I have calculated a difference (iii) of the ammonia N content of blood between men ‘and 
women of 0-13+40-025 mg. in 1000.0. of blood (a 99-98 
of a difference). 

A sensible difference in the urea content of the blood between men and women was 
pointed out by Klisi¢cki [1926], from whose data, obtained on 26 men and 12 women, 
I have calculated a difference, expressed in mg. of N in 100c.c. of blood, of 4-85+.0-375 
(a zero probability that this difference is zero). 

of Of das to the differences in concentration of 
the substances named above, except the CO, of the plasma, expressed in g. of NaCl in 100 g. 
of water, may be calculated as follows; 


Uric acid 0-00033 
Ammonia 0.00036 
Urea 0-0065 


Total 00072 

pressure of the blood, when this is equilibrated with a CO, mixture. From the data of the 
osmotic pressure of blood serum, reported below, a difference in the osmotic pressure of 
men of 0-0522+0-0015, due to the equilibration with a 5% CO, mixture, was observed, this 
being practically due entirely to the buffer effect of the hemoglobin: assuming that such 
an increase in the osmotic pressure is proportional to the hemoglobin content of blood, since 
women’s blood has 10% less hzmoglobin, one would expect to have a correspondent 
smaller increase in the osmotic pressure, say about 0-005. 

“So that this effect due to the hemoglobin, together with the effect of 
the difference in concentration of the substances named above, would 
bring about a difference in the osmotic pressure of 0-0122, t.e. two-thirds 
of the difference observed. — 

The smallness of the probable deviation of a single reading, viz. 0-5 to 
0-6 p.c., is an index of the great constancy of the osmotic pressure of the 
blood. This constancy is particularly remarkable when we consider the 
different nationalities of the male subjects, and the fact that the samples 
of blood were taken not under scrupulously constant conditions, but 
from people engaged in ordinary work in the laboratory. It may well be 
that if the samples of blood had been taken from subjects completely at 
rest and fasting for several hours a still greater constancy would have 
been found!, The osmotic pressure of the blood may, in fact, be caused to 


1 Such a constancy is so much more remarkable, for it. appears that the individuai — 


variations are mostly due to variations in the hemoglobin content (CO, effect), and in the 
urea content, the individual variations due to the other components, especially fixed electro- 
lytes, being much smaller: that is: because the probable deviation of the hemoglobin 


5%, (Dane, 1929], and of the urea content is 2% (data from 


Klisiecki), 
This fact, in regard to hemoglobin, appears also evident on comparing the value of 


probable deviation of men’s with the one 


given below for men's serum. 


ON 
4 

+ 

: 

* 

4 

+ 
4 

; 

hea ow 

‘a 

= 
a 
> 

4 

2 

4 

4 

Ay 

~ 
3 


VAPOUR PRESSURE OF HUMAN BLOOD. 429 


undergo variations, plus or minus, far outside the range of those shown in 
Table I and Fig. 3. 


A preliminary attempt has been made to study such variations, on 
the low side by drinking quantities of tap water, on the high side by 
muscular exercise. 


(a) Water drinking. Four experiments were performed as follows: 


3. vii. 30. Subject R. M. No lunch. 2-2.15 p.m.; 2 litres of tap water drunk. 3 p.m.: 
blood drawn for analysis. Readings with five thermopiles: 0-9128, 0-9067, 0-8985, 0-9035, 
0-9096; mean, 0-9062 4-0-0016. The mean is 4 p.c. less than the normal mean value for men. 


4. vii. 30. Subject T. 11-11.30 a.m.: 2 litres of tap water drunk. 12 noon: blood drawn 
for analysis. Readings with four thermopiles: 0-9226, 0-9173, 0-9172, 0-9259; mean, 
0-9207 +0-0015. The mean is 2:5 p.c. lower than the normal mean value for men. 


7. vii. 30. Subject H. 10.40-10.50 a.m.: 1500 c.c. of tap water drunk. 10.50 a.m.: sub- 
cutaneous injection of 2 units of “pituitrin” (Parke-Davis). 12 noon: blood drawn for 
analysis. Readings with four thermopiles: 0-9148, 0-9088, 0-9030, 0-8969; mean, 0-9059 
+0-0025. The mean is 4 p.c. lower than the normal mean value for men. None of the values 
given falls within the possible range for normal men. 


11. vii. 30. Subject V. 9.55-10.1 a.m.: 1500 c.c. of tap water drunk. Samples of blood 
drawn at 9.50, 10.20, 10.52, 11.35 a.m., 1.30, 2.35 p.m. The osmotic pressure was determined 
with two thermopiles for each sample of blood and the following values obtained : 


Hour of sampling 9.50 a.m. 10.20 a.m. 10.52 a.m. 

Osmotic pressure 0-9350 0-9331 0-9007 0-9118 0-8746 0-8987 
Mean 0-9341 0-9062 

Hour of sampling 11.35 a.m. 1.30 p.m. 2.35p.m. 

Osmotic pressure 0-8897 0-8741 0-8917 0-9067 09075 0-9069 
Mean 0-8819 0-8992 0-9072 


In subject V. a very low value was obtained 1} hours after the drink- 
ing : this is 5-6 p.c. lower than his initial value, and was not expected to beso 
low on the assumption that the water ingested was distributed uniformly 
in the tissues. In fact, if this assumption were true, we should be forced — 
to conclude that the total water content of this subject, assuming a com- 
plete absorption of the water drunk and taking account of the 570 c.c. of 
urine eliminated between 10 a.m. and 11.30 a.m., was =16, 600 c.c. 
This value is evidently far too low for a man of about 60 eral body weight, 
so that we must argue that the blood was subjected to a greater dilution 
than the other tissues. 

This experiment, from which a regular curve of the osmotic ceenute 
in human blood can be —— demonstrates a further application 
ofthe method. 

(b) Muscular exercise. To see to what extent the osmotic pressure may 
increase, a few experiments have been made after hard work. A. V. Hill 
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430 MARGARIA, 
and Kupalov [1930] have recently shown that the osmotic pressure of 
frog’s muscle, stimulated to exhaustion under anaerobic conditions, in- 
creases to an extent equivalent to an increase of 0-35 g. of NaCl per 100 g. 
of water. Considering the relatively great mass of the muscles of the body 
we should expect as the result of rapid muscular exercise to exhaustion 
(a great oxygen debt), that there would be a production of osmotically 
active substances, which would raise the concentration of the body fluids 
to a far greater extent than is possible by the ingestion of salts. 

In an experiment on R. M., after 1 minute of standing running, the 
blood drawn 1 minute after the end of the exercise gave the following 
values: 


0-9779, 0-9967, 0-9919, 0-9877; mean, 0-9886 + 0-0024. _ 


The mean is 4-7 p.c. higher than the normal mean value for men. The 
subject, however, was not trained to this type of work and could not 
exhaust himself too far as he intended to withdraw his own blood. 

A much greater increase was observed in a runner, V. EH. M., after a 
steeplechase of 2 miles, with 36 hurdles and 9 water-jumps, which he 
covered in 11 min. 15 sec. The blood drawn 1 min. 15 sec. after the end 
of the race gave the following values: 


1-0542, 1-0485, 1-0359, 1-0542; mean, 1-0482 + 0-0026. 
This mean is 11-1 p.c. greater than the normal mean value for men. 


Assuming a uniform increase of the osmotic pressure in all the liquids of. 


the body, an assumption probably not quite correct, particularly i in view 
of the experiment above described on V., and assuming that the total 
water content of the body is 40 litres, we have a production of osmotically 
active substances in the whole body equivalent to 41-8 g. of NaCl, or to 
1-47 g. mols. of a non-ionizable substance. 

It was shown by A. V. Hill and Kupalov [1930] that the production 
of lactic acid is responsible for 1/2-8 of the increase of the osmotic pressure 
in the isolated frog’s muscle; assuming the same value in the case of 
V. E. M. we may calculate that such a production of osmotically active 
substances corresponds to the presence in the body of 0-525 g. mols. of 
lactic acid, t.e. 47 g. This is probably lower than the real value, the subject 
being in good training and in a state of complete exhaustion when the 
blood was drawn. | 

Similar experiments were made on other subjects with the results 
tabulated below: every value represents the mean of two double deter- 
minations on the same blood. 
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1. A.V. H. ran for about 2 miles, moderately fast, and then “sprinted about” 300 yards, 
Blood drawn 36 seo. after exercise 0-9839 
3 min. 0-9645. 


2. D. 


value under similar conditions 0-9115 
Blood drawn 1 min. after exercise 0-9609 
4 min. 0-9380 


3. K. H. standing running at maximum speed for 1} min., almost completely exhausted: _ 


Blood drawn 45 sec. after exercise 1-0330 
min. ,, 0-9960 
” min. 


4. K. H. standing running next day at maximum speed for 1} min., unable to exert the 
same effort as previous day, very exhausted: 
Blood drawn 1 min. after exercise 0-9844 
4 min. 0-9528 


” ” 


6. A. V. H. standing running at maximum speed for 1 min., very exhausted and slowing 
up rapidly: 
P ' Blood drawn 1 min. after exercise 1-028 


6. K. standing ranning at maximum speed for 1 min., very exhausted: 
Blood drawn 2} min. afterexercise 09841 
9? 7 min. 99 0-9739 
7. Y. standing running at maximum speed for 1 min., very exhausted and slowing up 


rapidly: 
Blood drawn 45 sec. after exercise 1-0032 
23min. 0-9777 

It is clear that extremely high values of the osmotic pressure are easily 
reached by short intervals of very violent exercise. The fact may have 
some application in the study of the phenomena associated with fatigue. 
Such great increases in the osmotic concentration of the blood are not 
to be expected after muscular exercise of long duration [Chiatellinoand 


_Margaria, 1929]; the production of osmotically active substances in the 


muscles being an anaerobic phenomenon, the extent of the increase of 
the osmotic pressure of the body fluids may be expected torun parallel tothe 
oxygen debt. Now the maximum values of oxygen debt are obtained in 
exercise of very short duration. That is illustrated by the two experiments 
on A. V. H., in whom the increase in blood concentration after 1 minute of 
standing running was more than twice as great as that observed after a 
2 miles’ run. The rapid onset of recovery is presumably the reason why 
the increase observed is of such short duration, — to — 
after a few minutes. 
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THE EQUILIBRATION wiTH CO,. 
The previous equilibration of the blood with a 5 p.c. 5. 00, eabibete was 
necessary because the effect of loss of CO, from the blood is far greater 

than the errors of the method. | 
Some observations of the osmotic pressure of serum or blood exposed 
to air gave the values collected in Table II. All the subjects were men, 
and most of them appear also in Table I. The difference due to equili- 
bration with the CO, mixture is 0-0522 + 0-0015, a very sensible amount. 


Tastz II. The osmotic pressure of normal human blood or serum exposed to air, 
expressed in terms of g. of NaCl in 100 g. of water. 


1. K.H. 0-8962 +0-0017 R.A.K.  0-8865+0-0018 
2.G.F.M. 0-8865+0-0002 6. ¥. 0-8918 +0-0013 
3. H.B. 0-8960 +0-0015 7. 3.M.W. — 

4. A.V.H.  0-8940+0-0006 8. R.M. 0-8982 +0-0012 


The average value is 0-8925; probable deviation of an individual 
value = + 0-0028. 


The effect of CO, on the osmotic pressure of blood will be further dis- 


cussed in a separate paper. The effect of CO, should bereadily measurable by 
the freezing point method, corresponding to a difference of about 0-03° 
in the freezing point. It has never been considered before, which may 
explain in part the divergences in the values of the osmotic pressure 
obtained by previous authors. 


Another cause of error not considered before is muscular work; this 
error also may have been very sensible, since human blood is usually 
drawn from the veins of the arm after stasis and, in order to make the 
veins more obvious, after energetic contractions of the muscles of the 
forearm. 

For other mammals values are generally given 10 to 15 p.c. greater 
than those for man. I have examined some ox blood from the slaughter- 
house and observed a mean value of about 1-01, not very far from that of 


man, especially if we consider that violent muscular movements may have’ 


occurred. The concentration of lactic acid in the serum, once kindly 
examined for me by Miss Kerly, was very high, namely 0-098 p.c. Such 
@ quantity of lactic acid, together with the other osmotically active 
substances which appear during muscular contraction, corresponds 
approximately to that necessary to produce the observed excess of 
osmotic pressure. 
SuMMARY. 
1. Mssnermeants have been made of the vapour pressure ce de- 
fibrinated human blood with Hill’s thermoelectrical method. The 
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accuracy of this method as used is such that the probable error of a single 
determination is about + 0-2 to0-3p.c. — 

2. The average value, expressed in terms of g. of NaCl in 100 g. of 
water, is for men (nineteen observations) 0-9447, with a probable indi- 


vidual deviation of ++ 0-00495, for women (sixteen observations) 0-9269, 


with a probable individual deviation of + 0-0059. 
3. The reality of a difference between the values of the osmotic 
for men and for women is statistically certain; the difference 
is 0-0178 + 0-0019. Such a difference is mostly due to the difference in 
bicarbonate and urea content. 


4, The values of the probable individual deviations are an index 


of the great uniformity of the osmotic pressure of human blood under 
normal conditions. 


5. A preliminary study was made of the maximum variations which 
may occur in the osmotic pressure of human blood. After drinking 1500 
to 2000 ¢.c. of water, values were found as low as 0-88: after severe 
muscular exercise a value as high as 1-048 was observed. 


I am much indebted to Prof. A. V. Hill for advice and suggestions in 
the course of the present work, and to the many subjects of the experi- 
ments. 
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THE ABSORPTION OF CALCIUM FROM THE 
GALL-BLADDER. 


By L, MIRVISH, G. SACKS ann T. SCHRIRE. 


(From the Department of Physiology, University of Cape Town.) 


Tas view generally held about the function of the gall-bladder is that it 
stores the bile coming from the liver, concentrates it by the absorption 
of water, and discharges it into the duodenum whenever the call for it 
arises, The studies on the physiology of the gall-bladder have been largely 
influenced by pathological conceptions, by the theory that gall-stone 
formation, in the non-inflammatory cases, is due to the insufficient 
emptying of the gall-bladder with consequent bile stagnation and pre- 
cipitation. The theory of bile stasis has concentrated attention on the 
motor activity of the gall-bladder wall, on its capacity to contract in 
response to certain stimuli, and on its efficiency as a pressure regulator 
of the biliary system. 

Lately this view has been challenged from several quarters. Sweet 
[1924] pointed out that the anatomy of the gall-bladder, especially of 
Heister’s valve, suggests a mechanism which allows free passage of bile 
from the liver to the.gall-bladder, but hinders its outflow. The mucous 
membrane of the gall-bladder consists of a single layer of tall columnar 
epithelial cells, which are similar to the cells lining the intestinal tract, 
and, just as in the intestine, the total surface area is enormously increased 
by the folding of the mucous membrane. Boyd [1923], as the result of 
experimental work, suggests that the function of the gall-bladder is one 
of absorption, and that possibly one of the chief substances absorbed is 
the cholesterol of bile. Halpert [1924] suggests that all the constituents 
of the bile entering the gall-bladder become entirely absorbed. Blond 
[1927] comes to a similar conclusion. 

Numerous experiments, clinical observations, and cholecystographic 
findings have demonstrated that the gall-bladder is capable of emptying 


its contents into the duodenum. None the less, one must become re- 


ceptive to the idea that the absorptive function of the gall-bladder may 
be at least as important as its motor function. 
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Virchow [1846] already described the gradual filling of the cylinder 
cells of the mucosa of the gall-bladder with fine fat granules, and Aschoff 
[1906] demonstrated that fat is found in the lymphatics of the gall- 


_ bladder. By introducing a hypertonic solution of potassium sulpho- 


cyanide into the gall-bladder, Sweet [1924] found it present almost 
immediately in the lymph vessels of the gall-bladder, which also contained 
bile pigments and bile salts. Iwanaga [1923] showed that the mucosa 
is capable of absorbing dye-stuffs, potassium iodide solution, alkaloids, 
neutral fats and cholesterol. We set out to investigate whether calcium 
could also be absorbed from the gall-bladder. 


EXPERIMENTAL. 


Dogs were used for most of the experiments, but some experiments 
were also made on cats and rabbits. The experiments were all of an acute 
nature, that is while the animal was either under anesthesia or decere- 
brated. Calcium in blood was estimated by a modification of Tisdall’s 
method [Clark and Collip, 1925]; calcium in bile was estimated by the 
same method with two slight modifications, firstly, after the oxalate was 
added to the bile it was allowed to stand for 24 hours, and secondly, the 
precipitate was washed twice with dilute ammonia. Control gravimetric 
estimation of calcium in bile showed that the volumetric method was 
reliable, giving results which were about 4 p.c. less than those yielded is 
the gravimetric method. 

Normal values. 

Before going on to describe our experimental results, we will give 
certain normal findings. The volume of bile found in the gall-bladder of 
the dog ranged (in the 37 dogs where this was determined) from 3 to 21 ¢.c., 
the average being 11-3 c.c. The gall-bladder was never found empty. The 
calcium content of the bile in it ranged from 29-5 to 68 mg. calcium per 
100 ¢.c. In addition, in one instance it was 107 mg., and in one dog the 
gall-bladder was entirely absent. The average concentration of calcium 
was 40-5 mg. p.c. in male dogs, and 49-2 mg. p.c. in females. In eight cats 
the calcium content ranged from 26 to 57-5 mg. p.c., with an average of 
42mg. p.c. In ten human cases where the gall-bladder was apparently 
normal, bile was aspirated from it at autopsy, and the calcium content 
was found to vary from 9-8 to 65 mg. p.c., with an average of 32-2 mg. p.c. 

With regard to the concentration of calcium in hepatic bile, we made 
one very interesting observation; if the hepatic bile was separately 
collected at intervals, then it was always found that the first sample 
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collected contained more calcium than any of the subsequent samples, 
though all the conditions of the experiment remained the same. The con- 
eentration of calcium in the hepatic bile (first sample) ranged from 3-7 to 
26 mg. p.c., the average being 13-4 in males and 14-3 in females. In the 
dog without the gall-bladder the first sample of hepatic bile contained 34, 

the second (after half an hour) contained 14 mg. Ca p.c. In the cat the 
hepatic bile contained 14 to 23 mg. Ca p.c. The concentration of calcium 
in the blood (venous) of 20 dogs ranged from 9 p.c. to ee p.c., with 
an average of 11-75 mg. p.c. 


The effect of calevum administration on the gall-bladder contents. 


Our first procedure was to determine whether calcium is excreted by 
the mucosa into the lumen of the gall-bladder. Dogs were anesthetized 
with ether and maintained under light ether anesthesia throughout the 
experiment. By laparotomy the gall-bladder and cystic duct were ex- 

posed, and, after carefully separating the cystic duct from the cystic 
artery, the duct was clamped with a light rubber-lined clamp. A metal 
or glass cannula was then tied into the cystic duct below the clamp, and 
the latter removed. The gall-bladder was emptied by attaching a syringe 
to the cannula, and washed out repeatedly with warm saline until the 
returning fluid was clear. A volume of saline equal to the volume of bile 
removed was then left in the gall-bladder, the cannula closed, and calcium 
administered to the dog by the duodenal or intravenous route. After a 
certain length of time the contents were removed and the calcium in them 
estimated. It was found (see Table I) that no calcium passes into the gall- 
bladder from the blood stream, either normally when the gall-bladder is 
allowed to remain empty, or when it is filled ‘with saline, or when calcium 
is administered to the animal intravenously or duodenally. 


; Dog & Dog 6 Dog 7. 
mg. p.c. in last of bedsee 15 1-5 0-5 
Volume of saline left bledder 10 
Volume of 20 p.c. injected ans” 15 10 15 
Ca mg. p.c. in contents after 16 
ae 2 0-5 
” ” 1 


. Dogs were anesthetized with ether, a cannula was tied into the cystic 
duct, and the gall-bladder washed out with warm saline as described 
above. In different experiments the gall-bladder was then filled with 
various fluids, the cannula closed, and the fluid left in for a certain length 
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of time. The volume of fluid used was the same as the volume of bile 
originally removed from the gall-bladder. The fluids used were: (a) cal- 
cium chloride dissolved in mammalian Ringer; (b) cystic bile to which 
some solid CaCl, had been added; (c) cystic bile; (d) cystic bile diluted 
with Ringer; and (e) hepatic bile previously collected from the same 
animal. 

II, 

Last (a) Gall-bladder filled 

washing with CaCl, eolntin Solution gall-bladder 

Ca p.c. (hr.) in ¢.¢. p.c. 


5-0 
3-5 14-0 29-0 
3-0 28-0 


BESBRRERBS 


(b) Gall-bladder filled 
with bile plus CaCl, 


104-0 l 


20 
21 10 8-0 37 2 6-0 


These experiments (see Table II) demonstrate that calcium is de- 
finitely absorbed from the gall-bladder. The absorption is most marked 
with a solution of calcium chloride; but even ordinary bile, which has been 


a 
3 
A 17-0 4 
34-0 
21-4 
27-0 q 
16-0 
16-0 
a 
5-0 69-0 4 
1-6 89-2 
(c) Gall-bladder filled 
with cystic bile 4 
9 12-0 47-0 11-5 35-0 
10 oa 8-0 36-0 2 5-0 47-0 5 
12 — 6-5 46-0 2 ? 56-0 e 
13 10-0 46-0 1} ? 44-2 
14 — 6-8 46-5 3 5-0 57-0 a 
17 — 21-0 68-0 1} 21-0 32-0 4 
18 9-0 50-0 1d 7-0 48-5 
(d) Gall-bladder filled 4 
with cystic bile, diluted 4 
| four times with saline 4 
7 
| 22 1-3 10-0 8-9 2 6-0 28 3 
| 23 10 8-0 9-7 2 71 70 3 
(e) Gall-bladder filled 
with hepatic bile 
16 1-0 6-9 15-8 2 4-5 13-3 4 
19 1-5 10-5 8-4 1? 6-5 149 a 
15-3 
3-0 4 
4 
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removed from the gall-bladder, measured, and a sample taken for calcium 
estimation, and then put back into the gall-bladder, with cystic duct 
closed and circulation intact, also shows calcium absorption. It is re- 
markable, though, that extreme differences occur in the rate and extent 
of absorption, and in the amounts of water absorbed during a certain 
period. Among the factors likely to affect absorption in the gall-bladder 
may be mentioned the viscosity and osmotic pressure of the bile, the 
concentration of ionic and colloidal calcium, the pressure in the gall- 
bladder, and the extent of mucus secretion by the mucosa. Hence it is 
impossible from our experiments to decide which factors were responsible 
for the marked variations in absorption. The amount of calcium absorbed 
in 1-2 hours varied from nil or a scarcely perceptible amount to as much 
as 80 p.c. of the calcium introduced as CaCl. 
One experiment is important, so we will the 
in full, 
‘Bap, 33. 
1 p.m, 10 c.c.; Ca 49 mg, p.c. 
1-1.15 p.m. Hepatic bile collected. Volume 2-1 c.c.; Ca 9-3 mg, p.c. 
4116 pm, To 8c.c. of the cystic bile was added solid CaCl, so that the calcium 


concentration became 116 mg. p.c., and this was left in the gall- 
bladder. 


 1.15-1,40 p.m, Hepatic bile collected. Volume 4 .c.; Ca 17 mg. p.c. 
2.45 p.m, Total contents of gall-bladder removed, Volume 5 0.c. Ca 69-0 mg. p.c. 
2.45 p.m. Blood (venous) calcium 16-0 mg. p.c, 


Here, apart from the considerable absorption of calcium from the — 


gall-bladder, two other facts are noticeable: first, the calcium concentra- 
tion of the hepatic bile rises from 9-3 to 17, a result which we never 
encountered otherwise; as before remarked we always found that the 
first sample of hepatic bile contained the highest concentration of 
calcium: secondly, the blood calcium 1} hours after the bile, rich in 


calcium, was put into the gall-bladder amounted to 16 mg. p.c., a figure ~ 


which we never encountered in the dog normally, the highest blood 
calcium being 14 mg. p.c. Although we did not estimate the dog’s 
blood calcium beforehand, it is obvious that it had risen considerably. 
The implications of this finding will be referred to later. 

We also noted the effect of the administration of calcium on the 
calcium in the bile. It has recently been shown [Guassardo, 1929] that 
the intravenous administration of calcium chloride to dogs with a biliary 
fistula produces an immediate increase of the calcium of the bile, which 
is maximal in the first 6 hours, then gets less, and in 48 hours gets back 
to its previous level, We administered calcium chloride intravenously 
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or. duodenally to anesthetized or decerebrate dogs, and found that the 
concentration of calcium in hepatic bile becomes increased, and is more 
or less parallel to the calcium concentration in the blood. It seemed from 
our experiments that when higher concentrations of calcium in bile were 
obtained (over 30 mg. p.c.), then the volume of bile secreted was less, 
and vice versa. In the decerebrate dogs, the excretion of bile was more 
copious than in the anesthetized dogs. 


Discussion. 


Our experiments demonstrate that calcium can be absorbed from bile, 
probably along with other biliary constituents. Physiologically this is 
interesting, as it shows the presence of a “calcium circle”’ in the liver. 
The calcium taken by mouth is absorbed from the small intestine, taken 
by the portal vein to the liver, from which a portion passes into the 
general circulation (via the hepatic veins), and a portion is excreted into 
the bile. The calcium from the bile is again absorbed in the gall-bladder 
either by the lymphatics into the portal circulation, or again from 
the duodenum into the portal circulation. In either case the increased 
accumulation of calcium in the liver that thus occurs is capable of raising 
the blood calcium of the general circulation. In the maintenance of the 
extremely constant concentration of calcium in the blood the endocrine 
glands, especially the parathyroids, play the largest part; they regulate 
the storage of excess calcium in the bones, and its liberation from these 
stores into the tissues when the calcium intake is insufficient. But a. 
simpler and more rapid mechanism seems also to be present, and that is 
the steady and long-continued supply of calcium to the general circulation 
from the liver, which is maintained long after the absorption of the meal 
(containing calcium) is complete, One can illustrate it as follows: 


> Intestine Mouth 


There is no doubt that this mechanism plays an important part in the 
constant supply of calcium to the tissues, and it may be comparable to 
the glycogen storage in the liver, acting as a “first reserve” of supply. 
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With regard to our observation that the first sample of bile contained 
the highest concentration of calcium, the only way we can explain that 
is as follows. With a closed biliary system the bile is always secreted 
under a certain amount of pressure; this causes resorption of water and 
possibly other constituents from the bile ducts. Hence the first sample 
of bile will be more concentrated than those obtained subsequently when 
the bile secretion has no pressure to overcome. That the bile ducts are 
able to concentrate the bile is shown by the initial high calcium content 
of the bile (34 mg. p.c.) from the dog in which the gall-bladder was con- 
genitally absent. 

SuMMARY. 

Tt has been found that in the dog and cat there occurs an absorption 
of calcium from the gall-bladder, when the latter is filled with calcium 
chloride solution, or with bile. The excretion of calcium in the bile depends 
on the level of the blood calcium, and no roalorum 1 is excreted by the gall- 
bladder mucosa. 

It is suggested that there is a ‘Shebeins circle” in the liver, which 
provides a mechanism for a continuous supply of calcium to the general 
circulation, thus ensuring in the first instance the maintenance of a 
constant concentration of calcium in the blood. 


We desire to express our thanks to the Research Grant Board of the Union of South 
Africa for grants which partly covered the expense of this research; and also to Prof. W. A. 


Jolly and Dr L. P. Bosman for their kind interest, and Mr G. Duncan for technical 
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THE EFFECT OF INSULIN AND OTHER ENDOCRINE 
EXTRACTS ON THE CHOLESTEROL CONTENT 
OF TISSUES'. 


By E. NOBLE CHAMBERLAIN. 


(Departments of Physiology ol Bio-Chemistry, University 
of Inverpool.) 


In view of the remarkable inter-relationships which exist between the 
various ductless glands, and particularly of the control frequently 
exerted by one gland on other members of the series, it was considered — 
possible that the production or storage of cholesterol by the suprarenals 
might be influenced by injections of, or feeding with, different endocrine 
extracts. 

The extracts chosen were thyroid, “pituitrin” (posterior lobe ex- 
tracts from the pituitary, Parke-Davis) and insulin, and with the last 
the most striking results were obtained. 


EXPERIMENTAL. 


Rabbits were used for the experiments. They were kept under 
similar conditions to those described in previous papers in this Journal 
[Chamberlain, 1928]. The most important tissue investigated was the 
suprarenal gland, but cholesterol estimations were also made in many 
cases from other tissues such as the liver, spleen and kidneys. 

‘In the thyroid experiments the animals were fed for several days on 
dried thyroid extract, the total dosage varying between 20 and 76 grains. 
“ Pituitrin” was given subcutaneously, mixed with a gum arabic solution, 
a method of administration previously found of value in ensuring uniform 
absorption and freedom from local irritation [Coope and Chamberlain, 
1925]. The “pituitrin” was given either as a single dose of 2 to 4 ¢.c., or 
in repeated doses of 2 or 3 c.c. for a few days. Insulin was given in large 
doses of 30 to 70 units over a short period of time, usually 3 to 6 hours. 
In cases where severe convulsions occurred, life was prolonged by giving 


* Work commenced during the tenure of » Beit Memorial Research Fellowship and 
completed under a grant from the Medical Research Council. 
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glucose either by mouth or intravenously, In certain selected experi- 
ments, also, hypoglycemia was entirely prevented by giving glucose 
orally or intravenously concurrently with the insulin. 
Further experimental details will be gathered from the tables. 


TaBLeE A, Showing average cholesterol content of suprarenals after overdosage — 
with endocrine extracts. 


Ni 
animals feeding (single) (repeated) _— injections 
Cholesterol p.c. 6-6 68 7-2 
. per kg. 15 14 17 12 9 
weight 
No. of experi- 20 7 7 5 18 
ments 
TaBiz I. Showing effect of thyroid feeding on the cholesterol content and weight 
of the suprarenal glands. : 
Weight Total Weight of adrenals Cholesterol in adrenals 
Weight Loss of of experi kg. 
Rabbit feeding atdeath weight extract ment Bod 
no, in g. in g (p.c.)- (grains) (days) g- p.c. 
47. 1610 1 32 38 viele 0 0-296 3-1 9 
50 2010 1770 16 24 4 0- 0-181 9-7 17 
51 1450 1310 10 18 6 0-105 OT 5 
52 2600 15 54 8 0-480 0-217 5-4 12 
55 1820 1610 1l 32 . 5 0-340 0-211 6-5 14 
58 1965 1470 25 44 8 0-405 0-279 9-6 26 
63 1930 33 76 14 0502 #0389 49 19 - 
Average 0-236 6-6 14 


For comparison with the above figures and may be 
‘given for normal buck rabbits (Chamberlain, 1928]: 


(1) Weight of adrenals in g. per kg. body weight -0-219. 
(2) Percentage cholesterol in adrenals = 7-4, 
(83) Cholesterol in adrenals per kg. body weight =15 mg. 


II. Ghowinig of single ob on: the cholesterol content 
of 


the suprarenals. 
— Cholesterol in. 
“pita No. of hrs. Weight of adrenals ria 
between 
{c.c.) and death g. po 
1 0-301 023 69 
3 18 0-490 0900 10-9 40 
3 17 0-535 0-277 53 15 
2 0-480 0-238 
3 19 0-380 0-180 . 5&9 ll 
3 0-394 0-184 8-3 15 
3 17 0-495 0-221 3-3 7 


q 
‘ 
4 
2 
3 
= 
Rabbit Weight 
3 no in 
e 
| 
36 1325 | 
4 37 2010 | 
4 39 2140 
Ss Average 0-243 6-8 17 
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Tasie III. Effect of repeated doses of “pituitrin” on cholesterol of suprarenals. 
Amount Cholesterol in 
. adrenals 


of 
“pitui- Duration Weight of adrenals 
Rabbit Weight ere 
g. per bod. 
no. in g. 0.0.) (days) bodyweight "weight 
43 1450 8 4 0-193 5-5 11 
42 1920 10 7 0-230 0-119 7-9 9 
46 2170 75 4 0-350 0-161 75 12 
49 1355 8 5 0-227 0-168 7-0 12 
53 1730 6 3 0-360 0-208 8-1 17 
Average 0-170 7:2 12 
Tanz V. Showing average cholesterol content of various tissues after overdose A 
with endocrine extracts. 
Blood Liver Spleen 
Normalrabbits .. ... 78 290 380 
Thyroid fed rabbits si 93 360 _ 
“ Pituitrin” injected rabbits — 300 — 
Insulin injected rabbits... — 380 460 


The averages are taken from 7 to 20 estimations in each case and the results are ex- 


RESULTS. 


(1) Thyroid feeding. 

From the tables it will be seen that there was no apparent change in 
the cholesterol content of the suprarenals or other tissues after thyroid 
feeding. Contrary to the findings in Graves’ disease [Gardner and 
Gainsborough, 1928], the production of an experimental hyper- 
thyroidism did not result in any decrease in the blood cholesterol content, 
in fact the average of six estimations was maps’ higher than the 
corresponding controls. 

One important effect, however, must be noted, namely, i in spite of 
the rapid loss of body weight which amounted in some cases to as much 
as one-third of the animal’s initial weight, there was no regular corre- 
sponding decrease in the weight of the suprarenals; on the contrary, it 
would appear that when the loss of body weight is large, the suprarenals 
are large relative to the final body weight [Chamberlain, 1928, p. 251]. 
As the average percentage of cholesterol also remained about normal, it 
is evident that the cholesterol in the suprarenals would remain about the 
_ same in total amount. 
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(2) Pituitrin injections. 
After injections of extracts of the posterior lobe of the sitcitaey, 
whether given in single or repeated doses, no apparent changes occurred 
_ in the average cholesterol content of the suprarenals or other tissues. 


(3) Insulan. 

With injections of insulin well-marked effects were observed on the 
cholesterol content of the suprarenals. There was a decrease in the average 
percentage from the normal of 7-4 to 4:5, whilst the total cholesterol 
divided by body weight showed figures about half the normal value. 
(Normal bucks, 16; insulin injected bucks, 9.) 

The liver and spleen cholesterol both showed an average rather higher 
than normal, but the differences were, in the writer’s opinion, too small 
to justify any further statement on their significance. The decrease in 
the cholesterol content of the suprarenals was usually proportionate to 
the hypoglycemia, and in those experiments where hypoglycemia was 
prevented, the fall in cholesterol content was not so marked, though it 
was not entirely prevented. 


Discussion. 

The effects of thyroid feeding were largely negative, though it is of 
interest to note the tendency which the suprarenals show not to share in 
the general loss of body weight when this is severe. The interpretation of 
this is uncertain, but it is possible that it represents an attempt on the 
part of the body to conserve in the adrenal cortex the important substance 
cholesterol. 

“Pituitrin” produced no appreciable changes in the cholesterol con- 
tent of tissues, and this was partly anticipated from the conflicting work 
of other authors. Moehlig and Ainslee [1927], for example, found an 
increase in blood cholesterol only in a certain percentage of cases after 
repeated injections of “pituitrin,” whilst Blix and Ohlin [1927] found 
no change whatsoever after single injections, though the other lipoids 
(phosphatides and neutral fats) were materially altered. By contrast 
with these negative results the effects of insulin are remarkable. 

It has been known for some considerable time that hypercholesterin- 
emia (as a part of a more general process of lipemia) occurs in diabetes 
mellitus, whether this be produced experimentally or as a result of 
disease of the pancreas [Nitzescu, et al., 1924; Ducuing, 1923], and 
Nitzescu found that injections of insulin would reduce this hyper- 
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cholesterinemia, though they liad no effect on the normal blood chole- 
sterol content. Lange and Schoen [1926] also showed that intra- 
peritoneal injections of cholesterol, given simultaneously with injections 
of insulin, would delay the onset of insulin poisoning in mice. There would 
thus appear to be an antagonism between cholesterol and insulin. | 

In the present experiments it is difficult to give a full explanation of 
the results, but it seems reasonable to suppose that the insulin exerts 
some powerful effect on the production or storage of cholesterol by the 
suprarenals. The writer has elsewhere [1928] discussed the part played 
by the adrenals in cholesterol physiology, and has brought evidence to 
support the view, originally expressed hy the French school, that these 
glands synthesize cholesterol. 

As a tentative explanation of the facts described, therefore, it may be 
suggested that the pancreas exerts a controlling influence on the synthesis 
of cholesterol by the suprarenals, and that where the pancreatic internal 
secretion, insulin, is deficient as in diabetes, there will be an over-pro- 
duction of cholesterol, whilst where insulin is in excess, as in the present 
experiments, cholesterol production will be diminished. The observation 
of Nitzescu, if confirmed, that insulin has no effect on the normal blood 
cholesterol content, may be explained by the delicate mechanism which 
the body possesses for maintaining the blood cholesterol at a constant 
level. 

The relationship between these cholesterol variations and hypo- 
glycemia i is complex, but it may be suggested that insulin exerts its 
primary effect on carbohydrate metabolism and, should all the excess of 
insulin be used up in the combustion or storage of sugars, little will be 
left to influence cholesterol metabolism. This would account for the 
relatively small changes found in the cholesterol content of the suprarenals 
when insulin was given together with large amounts of glucose. 


SuMMARY. 


Experiments were made to determine the effects of overdosage with 
endocrine extracts on the cholesterol content of the suprarenals and other 
tissues. The extracts used were thyroid, —— and insulin. 

The following results were obtained: 

1. With thyroid feeding no significant changes in any tissues. The 
weight of the adrenals, however, did not diminish in proportion to the 
body weight if the loss of weight was severe. : 

2. “Pituitrin” produced no changes. 
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3. Insulin caused a marked decrease in the cholesterol content of the 
suprarenals, but this effect was not so pronounced if the hypoglycemia 
was prevented by simultaneous administration of glucose. 

4. None of the extracts produced any material changes in the chole- 
sterol content of blood, liver or spleen. | 


It is suggested that the synthesis of cholesterol by the suprarenal 
glands is controlled by the internal secretion of the pancreas, 


I wish to express my thanks to Prof. W. Ramsden and Prof. J. 8. 
Macdonald in whose departments this work has been carried out. Both 
have given me every facility for the work and much valuable advice. 
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A REVERSED ACTION OF THE CHORDA TYMPANI 
ON THE VENOUS OUTFLOW FROM THE 
SUBMAXILLARY GLAND. | 


By ALISON 8. DALE. 
(From the Physiological Laboratory, Cambridge.) 


INTRODUCTORY. 


Frouxion and Lorwr [1906, 1908] claim to have shown that the 
chorda tympani nerve supplies the submaxillary gland with vaso-con- 
strictor as well as vaso-dilator fibres. Their proof rests on the fact that, 
after inhalation of sufficient quantities of amy] nitrite, stimulation of the 
chorda diminishes the flow of blood from the submaxillary vein, instead 
of increasing it as in the normal animal. They conclude that vaso- 
constrictor fibres are present in the nerve, their action being normally 
masked by that of the more potent vaso-dilator ones, and that amyl 
nitrite, by a specific paralytic action on the vaso-dilator fibres, exposes 
the function of the vaso-constrictors. 

Doubt was thrown on these experiments by Bayliss [1908], who 
was unable to obtain the reversal of chorda action after amy] nitrite, and 
concluded that the apparent vaso-constriction obtained by Fréhlich and 
Loewi was due to a spread of current into the surrounding voluntary 
muscles, causing them to contract and so to occlude the blood vessels. 
He mentioned another explanation, suggested to him by Barcroft, but 
did not test it experimentally. The suggestion was that, with the very 
low blood-pressure and dilated state of the blood vessels produced by 
amyl nitrite, stimulation of the chorda could not cause much further 
arterial dilatation, and might then cause an actual decrease of blood flow 
in the veins, owing to the abstraction of fluid from the blood to form 
saliva. Neither Fréhlich and Loewi nor Bayliss had measured the 


saliva produced, Bayliss merely remarking that, on looking over his 


experimental results, he found Barcroft’s explanation insufficient. It 
was decided, therefore, to repeat the experiments, measuring the blood 
flow and the volume of the saliva, and to compare the decrease in the 

1 The work here presented was carried out during tenure of the Bathurst Studentship 
of Newnham College, and the Michael Foster Studentship of the University of Cambridge. 
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volume of blood leaving the veins during chorda stimulation with that 


The animals used were cats. They were anesthetized with dn 
and ether, and this was followed by injection of chloralose, the dose being 
0-1 g. per kg. body weight. A cannula was placed in the trachea for the 
purpose of administering amyl nitrite, and also for artificial respiration 
when necessary. The left carotid artery was prepared for the registration 
of blood-pressure. The right submaxillary gland was next exposed, the 
submaxillary vein was found, and all other veins opening into the external 
jugular vein were tied. The chorda lingual nerve was prepared for stimu- 
latiow in the usual way, and a fine glass cannula was inserted into the 
submaxillary duct, The cannula was connected by a short piece of rubber 
tubing to a horizontally fixed, graduated tube. A little water was in- 
jected into this tube to serve as an index of the flow of saliva. An in- 
travenous injection of heparine was now given, the dose being about 
- 0-01 g. per kg. body weight. The cannula was inserted into the carotid 
artery and connected to the manometer, and finally a cannula was tied 
into the jugular vein, and connected with a long graduated tube, fixed 
horizontally, for measuring the venous blood flow. The progress of the 
blood along the tube was continuously recorded by means of an electric 
signal writing on the drum, and another signal, writing immediately 
below, marked the beginning and end of chorda stimulation. The secre- 
tion of saliva often continued for a short time after stimulation had 
stopped. In such cases the moment when secretion stopped was recorded, 
and the time from the beginning of stimulation to this moment used in 
the calculations. The tube for recording the blood flow was divided into 
half-centimetres, and the signal was depressed as the blood passed each 
half-centimetre mark, The volume corresponding to a given length of 
tube had been determined beforehand by calibration with a standard 
pipette. This method is not free from error, but it was found to be 
sufficiently accurate for the purpose, and is, in any case, more exact than 
_ the method of counting drops used by Fréhlich and Loewi. The aed 
nitrite was intra-tracheally. 


RESULTs, 


The first point to be noted is that, in confirmation of Frdhlich and 
Loewi, it was always found possible to obtain the reversal of chorda 
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‘= ~ action on the venous outflow with administration of amyl nitrite. Itis 
difficult to understand why it was never observed by Bayliss. 
e An example of the effect of chorda stimulation on the venous flow 
before and during amy! nitrite action is given below. 
| Exp. 4, Cat: 2 kg. 
Before amy! nitrite. 
3 Venous flow before stimulation: 0-615 o.c. per min. 
=. Venous flow during stimulation: 2-8 c.c. per min. 
During amy! nitrite inhalation, 
Venous flow before stimulation: 1-5 c.c. per min. 
Duration of stimulus: 24 sec. 
Venous flow during stimulation: 0-525 o.c. 
Before stimulation the flow during 24 sec. was 0-6 c.c. 
The flow therefore decreased during stimulation by 0-075 c.c. 
Volume of saliva secreted in response to this stimulus: 0-112 c.c. 


It is evident from this example that, during the action of amyl 
nitrite, the effect of chorda stimulation on venous outflow is, indeed, 
reversed. A comparison, however, of the decrease in the volume of 
venous flow with the volume of saliva secreted in the same time shows 
that, in this case, the decrease in the flow can be accounted for by ab- 
straction of fluid from the blood to form saliva. In order to prove the 
existence of vaso-constrictor fibres in the chorda tympani it would be 
necessary to show a decrease in the blood flow greater than the volume of 
& saliva secreted. In all, six experiments were made in which amy] nitrite 
____-was used, and in these, twelve instances of reversal of the chorda effect 
 _were obtained. In two out of these twelve instances the decrease in 
. blood flow was greater than could be accounted for by the saliva secreted. 
& Both these cases come from the same experiment. In one (Table II, 
No. 7) the difference is so small as to be of doubtful significance, in view 
of the comparatively rough methods of measurement. In the other case 
- (Table II, No. 5) the difference is larger; on the other hand, a third stimu- 
lation in this experiment (Table II, No. 6) produced a decrease which 
BO was less than the volume of saliva secreted. It would clearly not be 
justifiable to conclude from these two exceptions that the chorda contains 
vaso-constrictor fibres. 

If the action of amyl witeite-i in producing this apparent reversal of 
chorda action is due, as suggested, to the fact that it has already pro- 
duced an almost maximal arterial dilatation in the gland before the 
chorda is stimulated, it should be possible to obtain a similar reversal 
when the vaso-dilatation is produced by other means. Further experi- 
ments were, therefore, carried out in which the blood-pressure was 
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lowered by over-ventilation and by injection of histamine. It was found 


that reduction of the blood-pressure in either of these ways produced a 
reversal of the chorda effect on venous outflow. In one experiment 
another method of producing this reversal was found. The blood-pressure 
was very low, owing to a slight overdose of chloralose, and the cat had 
to be kept alive by artificial respiration. A first stimulation of the chorda 
produced an acceleration of the venous flow in the usual way. It was 
found, however, that the vaso-dilator action persisted long after the 
stimulation was ended and the salivary secretion had stopped. If the 
chorda was now re-stimulated, during this phase of persistent vaso- 


dilatation, the venous outflow was immediately diminished. Table I gives — 


an example of each of the three types of experiment. 


I, 


of flow stimu- normal Actual De- 
‘(c.c. per lation flow flow crease Saliva 
Example min.) sec.)  (¢.0.) (¢.c.) (¢.¢.) (c.c.) 
Over-ventilation 0-4 33-0 0-22 0-175 0045 0-18 
0-186 0-122 0-123 


Post-stimulatory 061 206 O21 O14 007 0-1 


Examples 1 and 2 from Exp. 8. Example 3 from Exp. 9. 


In view of these results, it is impossible to conclude with Fréhlich 


and Loewi that amyl nitrite exerts a specific paralytic action on the 


vaso-dilator fibres of the chorda tympani. As regards the true mechanism 


of the reversal effect, the results obtained give very strong support to 
the suggestion made by Barcroft and quoted by Bayliss. Ten experi- 
ments in all were performed, giving twenty-nine instances of reversal of 
chorda action. Of these twenty-nine instances there are only two in 
which the decrease in blood flow is definitely greater than can be ac- 
counted for by the saliva secreted. One of these has been mentioned 
‘already, and the other (Table II, No. 24) occurred in Exp. 9. (Re- 
stimulation during post-stimulatory vaso-dilatation.) Taking the results 
in general we may say that the decrease in blood flow during stimulation 
and the volume of saliva secreted are always of the same order of 
magnitude. In Table II these values for the whole series of experiments 
are given. It will be seen that, in the majority of cases, the volume of 
the saliva secreted is greater than the decrease in the volume of blood 
leaving the gland; such a difference is easily explained on the ground 
that a small vaso-dilatation is still produced by the stimulus. 


a 


4 
ry 
0: n cu- 


> 
3 
tig 
/ 
4 
on 
te 


Nos, I-12 and No, 21 during amy] nitrite administration. . 
Nos. 13-16 during over-ventilation. 

Nos. 17-20 and Nos. 28, 29 during action of histamine. 
Nos, 21-27 during post-stimulatory vaso-dilatation. 


Another point, mentioned by Fréhlich and Loewi, is that the vaso- 
constrictor fibres are paralysed by atropine; that is, that the decreased 
venous outflow produced by chorda stimulation during the action of 
amy! nitrite does not occur when atropine is given as well. This observa- 
tion was confirmed in the present series of experiments, but does not 
support Fréhlich and Loewi’s theory of vaso-constrictor fibres. It is 
well known that atropine, in moderate doses, paralyses the secretory 


action of the chorda, leaving the vaso-dilator action unaffected. It is 


obvious that, if the reversal of the chorda effect produced by amyl 
nitrite is dependent on secretion of saliva, paralysis of the secretion will 
eliminate the apparent vaso-constriction. 

Fréhlich and Loewi also mention a case, that of a dog, in which 
the reversal effect was present at the beginning of the experiment without 
any nitrites being given. This result would be readily explained if the 
blood-pressure were very low, owing to an excess of anesthetic or some 
other cause. 

While, then, the experiments here recorded do not eliminate the 
possibility that the chorda tympani may contain some vaso-constrictor 


fibres, it may be claimed that they furnish an alternative and adequate | 


explanation of the retarded venous outflow, observed by Fréhlich and 
Loewi, with chorda stimulation under amy] nitrite action. When the 
arterial tone is lowered in any way, so that the chorda no longer produces 
effective arterial dilatation, loss of fluid to the saliva reduces the volume 


+ of blood reaching the veins. 
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Summary, 


1. The fact, observed by Fréhlich and Loewi, that stimulation of 
the chorda tympani during the action of amyl nitrite may retard the 
venous outflow from the submaxillary gland, is confirmed. 

2. Lowering of the arterial tone by other means produces a similar 
effect. 
3. The diminished venous outflow is accounted for by loss of fluid 
from the blood to the saliva. | 

4. The action of amyl nitrite affords no adequate evidence of vaso- 
constrictor fibres in the chorda tympani. 


In conclusion I wish to express my thanks to Prof. Barcroft for 
permission to carry out these experiments in his laboratory, and to 
Dr Anrep for his help throughout. 
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THE RELATION BETWEEN AMPLITUDE OF 
CONTRACTION AND RATE OF RHYTHM IN THE 
MAMMALIAN VENTRICLE. (INCLUDING INTERPRE- 
TATION OF THE APPARENT INDIRECT ACTION OF 
THE VAGUS ON AMPLITUDE OF VENTRICULAR 

| CONTRACTION.) 


By ALISON 8. DALE. 
(From the Physiological Laboratory, Cambridge.) 


Part I. 


THE APPARENT INDIRECT ACTION OF THE VAGUS ON THE 
AMPLITUDE OF VENTRICULAR CONTRACTION, 


Introductory. 
Tae question whether the ventricle of the mammalian heart receives 
inhibitory fibres from the vagus nerve has produced much conflicting 
evidence. It is a well-established fact, that, after complete dissociation 


_ ‘between auricle and ventricle has been produced by crushing or cutting 


of the a.-v. bundle [Krehl and Romberg, 1892; Hering, 1905; 
Erlanger, 1909], stimulation of the vagus nerve has no effect on the 
rhythm of the ventricle or on the strength of its contractions. Injection 
of vago-mimetic drugs, however, still produces, in the rabbit, a slight 
slowing, suggesting a weak negative chronotropic action of the vagus 
on the ventricle itself [Krehl and Romberg, 1892; Cullis and Tribe, 


1913], though the distribution of the fibres concerned is unknown. 


With regard to the inotropic action of the vagus on the ventricle 
the evidence is conflicting. Cullis and Tribe showed that, in the per- 
fused intact heart in situ, stimulation of the vagus nerve or injection 
of vago-mimetic drugs slowed the heart rhythm, and at the same time 
decreased the strength of contraction of both auricle and ventricle. When 
the bundle was cut the effects on the ventricle of stimulating the nerve 
and of injection of drugs were abolished, except for the slight slowing — 


1 This work was carried out during the tenure of the Gilchrist Studentship of Newnham 
College, and the Michael Foster Studentship of the University of Cambridge. 
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produced by relatively large doses, More recent work by Drury [1923] 
and Rothberger and Scherf [1930] on the whole animal (dog) has 
shown that, if the ventricular rate is maintained constant by rhythmic 
shocks throughout, vagus stimulation does not influence the strength of 
the ventricular contractions. Cullis and Tribe, finding that the vagus 
or vago-mimetic drugs only affected the strength of contraction of the 
ventricle when the latter was connected to the auricle by the a.-v. 
bundle, concluded that “normally, the vagus exerts its effect on _ 
ventricle, only indirectly, through its action on the auricular rhyt 

The present experiments were carried out in an attempt to determine 
what the nature of this “indirect” action might be. 


Methods. 


The experiments were performed, with one exception, on the hearts 
of rabbits. In the one exception a cat’s heart was used. The animals were 
killed by a blow on the head and the hearts, after removal from the body, 
were perfused with a modified Ringer’s solution by means of a cannula 
tied into the aorta. The cannula carried a thermometer, and the solution 
entered by a side tube. The perfusion pressure, which was about 1 metre 
of saline, was maintained from a Mariotte’s bottle, suspended at a 
suitable height. From the Mariotte’s bottle the solution passed to a glass 
tower where oxygen was continuously bubbled through it, and thence 

to a glass coil immersed in a water bath. The coil was connected by 
rubber tubing to the side tube of the cannula. The temperature in the 
water bath was regulated so that the Miermcineter in the cannula 
registered 36-38° C. 

_ The composition of the Ringer’s solution was as ‘lionte NaCl 0-85 
p-c., Na,HPO, 0-06 p.c., KCl 0-042 p.c., dextrose 0-1 p.c., CaCl, 0-024 p.c. 
The pH was adjusted to 7-5 by the addition of HCl, comparison being 
made with a standard buffer solution, using phenol red as indicator. The 
water used in making up the solution was distilled in a porcelain still. 
Great difficulty was experienced initially as, although the auricles beat 
quite vigorously, the ventricles contracted only very feebly or not at 
all. This was found to be due to the presence in the distilled water of a high 
concentration of CO,. If the water, after condensation, was thoroughly 
boiled and allowed to cool before use the hearts beat very well. It was 
found later that this precaution of using boiled water for the solution 
was only necessary at the beginning of an experiment. When the heart 
was once beating vigorously, solution containing CQ, could be used 

without having any deleterious effect. The reason for this effect of CO, 
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~~ jg not understood, but it would seem to be specific and not due to its acid 


properties, as the reaction of the solution was always controlled. 

The drug used in most of the experiments was arecoline, though 
acetylcholine was occasionally used. The latter is not very satisfactory 
in these experiments, however, as its effect is too transient. The arecoline 
was obtained as the crystalline bromide and made up in a 0-1 p.c. 
solution, This was diluted with Ringer’s solution to 0-001 p.c. for each 
experiment. The usual dose was 0-1 c.c. to 0-5 c.c, of this diluted solution, 


~— injected with a syringe into the rubber tubing leading to the cannula. 


The contractions of the left auricle and left ventricle were recorded by 
means of light straw levers carrying Bayliss writing points. The levers 
were held in brass bearings, and the vibration frequency of each was 


_ _ increased by a small rubber band which resisted the raising of the lever. 


The heart was suspended vertically from the cannula, and the apex of 
the left ventricle was fixed by a ligature to a metal rod. One lever was 
attached to a point near the base of the ventricle by a silk thread sewn 
through the epicardium, the other to the left auricular wall in the same 


__ way. By this method of attachment the use of pulleys for the ventricular 


record is avoided, and the risk of distortion of the record by movements 
(swinging, etc.) of the whole heart is greatly diminished. It has the 
further advantage, of special importance in these experiments, that the 
shortening of the ventricular muscle is recorded, uncomplicated by the 
pull of the auricular contraction. © : 
In order to avoid distension of the left ventricle by perfusion fluid 
leaking through the aortic valves, a glass tube was passed into the cavity 
of the ventricle through a small slit made in its apex, and tied in position. 
Any fluid tending to collect in the ventricle was thus drained away. 


| Results. 

Effects of vago-mimetic drugs. The object of the first experiments was 
to repeat the experiment of Cullis and Tribe. The effects of varying 
doses of arecoline on the heart with a.-v. bundle intact were first recorded. 
The bundle was then cut and the procedure repeated. Fig. 1 gives a 
typical example of the records obtained. at 

It will be noticed that in record a, taken before cutting the bundle, 
the injection of 0-001 mg. of arecoline is followed by a slowing of the 
heart rhythri, accompanied by a diminution in the amplitude of the 
auricular and the ventricular contractions. A curious point is the rise 
of the base line, which is particularly noticeable in the ventricular tracing. 
The reason for this rise is not clearly understood, but in any case it is 
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unconnected with the diminution in the amplitude of the contractions, 
as it occurs after the bundle is cut, when no such diminution is seen. 


Fig. 1. Exp. 3. xii. 29. Read from right to left. In both a and 6 the upper tracing is the 
a. Intact heart. 
b. After cutting the bundle. 


Further, when another method of registration, which will be deteethed 
later, is used, this rise of the base line does not occur, while the diminution 
in the size of the ventricular contractions is still observed. It will be 
noticed that premature contractions are followed by greatly enlarged 
ventricular beats. The significance of this will be considered later. 
Record b shows the effect of arecoline after section of the a.-v. bundle. 
The dose, 0-01 mg., is sufficient to inhibit the auricular contractions 
almost completely, while the ventricular rate is slightly diminished, 
A close scrutiny reveals a very slight decrease in the height of the ven- 
tricular record, but this decrease is very much smaller than that observed 
before cutting the a.-v. bundle. The results just described, which are 
typical of many obtained, are identical with those of Cullis and Tribe, 
except for one small difference. Cullis and Tribe never obtained a 
diminution in amplitude of the ventricular contractions when vago- 
mimetic drugs were injected after section of the a.-v. bundle. In the 
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_ present experiments this diminution was only obtained with large doses 


of arecoline. Normal doses had no such effect, Cullis and Tribe’s 
conclusion still holds, therefore, for normal doses, while for large doses 
we may qualify it by adding that arecoline affects the size of the ven- 
tricular contractions greatly when the a.-v. bundle is intact, and slightly 
when the ventricle is no longer in connection with the auricle. With 
regard to the nature of this “indirect” action, it might be supposed that 
the diminution in the size of the ventricular contractions was due to a 
change in the impulse passing by the a.-v. bundle from auricle to ventricle, 
If that were the case the phenomenon would present a clear exception 
to the “All or None” law. Such a supposition, however, is unnecessary, 
as a much simpler explanation is at hand. Close inspection of the records | 
of the present series of experiments shows that the ventricular contrac- . 
tions only decreased in size after injection of arecoline when the heart 
thythm was slowed, which suggested that the change of rate is in some 
way responsible for the change in the size of the contractions, This is 


' supported by the fact that the idio-ventricular rhythm which obtains 


after section of the a.-v. bundle is only slightly influenced by arecoline, 
and that in the ventricle isolated in this-manner the size of the beat 
remained unchanged by any dose of arecoline which did not affect the 
rate. It is evident that if the diminution in the amplitude of the ven- 
tricular contractions, which follows injection of arecoline when the 
bundle is intact, is simply due to the slowing of the rhythm, then a 
similar diminution should occur when the rhythm is slowed by any 


other means. 


Effects of cooling the 8.-a. node. A series of experiments was, therefore, 
performed in which the heart rate was decreased by cooling of the s.a. 
node. The preparation was set up as before, and the cooling was effected 
by means of a piece of narrow lead pipe through which iced water flowed. 
The pipe was bent sharply at one point, and the outer surface of the 


_ bend was brought into contact with the region of the s.-a. node, thus 


producing localized cooling. Fig. 2a shows a typical example of the 
result of slowing the rhythm by this method; b and c show the effect 
of two different doses of arecoline for comparison. In ¢ a 2-1 block 


_ was produced by the drug, the ventricular rhythm thus slowing to about 


the same degree as that produced by cooling in a, and it will be seen 
that the diminution in the size of the ventricular contractions is prac- 
tically the same in the two cases. 

Effects of drugs at constant rhythms. Such results give very strong 


_ support to the hypothesis that the slowing of the rhythm is the deter- 
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mining factor in the action of arecoline on the size of the ventricular 
contractions in the intact heart. It now remained to be determined 


Fig. 2. Exp. 13. xii. 29. Read from right to left. In a, 6 and ¢ upper tracing represents 
auricular followed by ventricular contractions. Lower tracing ventricular contractions 
only. a. 8.-4, node cooled between points indicated by arrows. b. 0-002 mg. arecoline 
injected shortly before beginning of record. ¢, 0-005 mg. arecoline injected shortly 
before beginning of record. Arrow indicates beginning of 2-1 block. 


whether the size of ventricular contractions would be unaffected by 
arecoline when the heart rate was maintained artificially constant. The 
heart was, therefore, stimulated rhythmically by electrodes placed on 
the right auricle. The rhythmic shocks were produced by means of a 
rotary contact breaker placed in the primary circuit of an induction 
coil. Fig. 3 shows the results of such an experiment, and includes a 
record of slowing by cooling for comparison. 

Fig. 3 a shows the usual result of cooling the s.-a. node: 6 shows the 
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effect. of injecting a small dose of arecoline while the heart was being 
driven at constant rate. The dose 0-002 mg. is one which, with Spcotancous 


Fig. 3. Hap. 11. ii. 30. Read from left to right. In a, 6 and c. Upper tracing represents 
auricular followed by ventricular contractions. Auricular contractions are smaller than 
ventricular, but their height can be seen as the upper edge of the denser portion of 
the tracing. Lower tracing is that of ventricular contractions only. a. Cooling of 
8.-4. node, Auricular tracing disappears owing to substitution of nodal for sinus 
rhythm, 5, Heart driven at constant rate. Injection of 0-002 mg. arecoline at arrow. 
c. Heart driven at constant rate. Injection of 0-005 mg. arecoline at first arrow. 
Second arrow indicates appearance of 2-1 block. 


thythm, would produce a marked slowing, with weakening of the ven- 
tricular contraction. In this case the strength of contraction is unaffected. 
Record ¢ provides especially clear evidence on the point under discussion. 
The dose was a large one, 0-005 mg., which almost abolished the auricular 
contractions at one point. Later, when the auricular beats were re- 
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covering, the effect on the a.-v. conducting system became evident, 
and a 2-1 block was produced. The amplitude of the ventricular contrac- 
tions, which till then had remained unchanged, immediately diminished 
in size, and this reduction of amplitude persisted as long as the 2-1 
block was maintained. The period of block was followed by a short phase 
in which an occasional beat was dropped. After this the block disappeared 
completely, a ventricular contraction following each auricular one, and 
with this resumption of the original rhythm by the ventricle, the con- 
tractions returned to their normal size. 

Effects of varying an artificial rhythm. It seems clear from these 
observations that arecoline is unable to exert its negative inotropic effect 
on the ventricle when the bundle is intact, unless, at the same time, it is 
able to diminish the heart rate, It might still be argued, however, that 
the auricle affects the ventricle in some way other than by change of 
rhythm when arecoline is injected, though this is unlikely in view of the 
last experiments described (Fig. 3). In order to eliminate this possibility, 
a few experiments were performed, in which the bundle was cut and 
the ventricle driven at varying speeds without the administration of 
any drug. Fig. 4, which is an example of the results obtained, is a record 
taken from a cat’s heart. The heart showed a spontaneous block and, 
as the left ventricle was beating feebly, the record was taken from the 
right ventricle, which contracted vigorously and responded well to 
artificial stimulation, The rotary contact breaker mentioned above was 
used, and the rate of stimulation was varied by changing the resistance 
in series with the motor driving the contact breaker. x 


b | 
Fig. 4. Hap. 23.i.30, Read from right to left. Ventricle of cat driven at various rates. 
_ @, Acceleration from 96 to 120 per min. b. Retardation from 130 to 120 per min. 


Fig. 4a shows the result of changing the rate of stimulation from 
96 to 120 per min., namely, a definite increase in the size of the contrac- 


tions. The change is gradual, as the motor took a little time to attain 
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the new speed. Fig. 4 6 shows the change in the reverse direction, from 
130 to 120 per min., the result being a diminution in the size of the 
contractions. It will be noticed that the size of the contractions at 130 

min. in record 6 is smaller than that at 120 per min. in record a. 
This:is probably a fatigue effect, since, when the rate was increased from 
120 to 130 per min., there was an increase in the size of the contractions 
at first, but this gave way to a gradual diminution. It seems probable 
that the heart could not maintain such a vigorous contraction at this 
high rate when depending only on the oxygen dissolved in the Ringer’s 
solution. When the stimulation rate was reduced again to 96 per min. 
the contractions gradually regained their original size corresponding to 
this rate. 

It is possible, therefore, to vary the size of the ventricular contraction — 
by changing the rhythm, when this is being produced artificially, in 
exactly the same way as when the ventricle is receiving its stimuli from 
the auricle by way of the a.-v. bundle. Experiments with perfused 
ventricular strips, to be described later, confirm this. 

A point which is important for later discussion must be mentioned 
here. It is evident in all curves in which there is an abrupt slowing of 
the heart-rate, that the beat following the first prolonged pause is en- 
larged, and that this is then followed by a descending staircase of beats, 
until the small size of beat, typical of the slower rate, is reached. The 
change from slow to fast rate is usually more gradual, but where an 
abrupt change occurs, as in Fig. 2c, where a 2-1 block gives way to the 
normal a.-V. sequence, it is evident that the beat following the first short 
pause is diminished, and is followed by an ascending staircase of beats. 

Demonstration of effect in tension records. From the results of the 
experiments so far described it must be concluded that, in the isolated 
perfused rabbit's heart in which the contractions are recorded by means 
of levers, the so-called indirect effect of vago-mimetic drugs on the size 


’ 3 of the ventricular contractions is due to the slowing of the rhythm 


produced by the action of the drug on the pacemaker of the heart. 
Experiments with levers, however, are always open to criticism on the 
ground that distortion of the records may occur, owing to the natural 
vibration frequency of the levers being too low. In the case of a rapidly 
beating rabbit’s heart it is essential that the recording system have a 
high natural frequency, and it might well be argued that, in the experi- 
ments above described, the excursions of the lever give a true record 
of the size of the contractions only when the rate is slow, the larger 
excursions at higher rates of beating being due to overthrow of the lever. — 
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In order to eliminate such an objection the experiments were repeated, 
" using a high-frequency system for recording the tension changes in the 
ventricular muscle. 


| 


Fig. 5. Diagram of apparatus for recording intraventricular pressure. a, brass tube 
carrying membrane; 6, rubber membrane with mirror attached radially; c, connecting 
tube of lead piping; d, brass tube to which balloon ¢ is attached; f, 5 c.c. pipette 
containing liquid paraffin for filling balloon; A and B, 3-way (T) taps. | 


i 3 Fig. 5 is a diagrammatic representation of the apparatus used. It 
consisted essentially of a balloon, filled with fluid which was introduced 
| | into the cavity of the left ventricle, and connected by tubes filled with 
| fluid to a tightly stretched rubber membrane. A mirror attached to the 
| membrane reflected a beam of light into a moving paper camera, Diffi- 
| culty was experienced at first in the choice of a suitable balloon. Small 
| thin rubber balloons were tried but, unless these were blown to extreme 
tightness, the contraction of the ventricle caused the top of the balloon 
to bulge into the auricular cavity. In the process of this bulging a large 
amount of distortion of the record could occur. A tightly stretched 
rubber balloon has two disadvantages, the first that it bursts very easily, 
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~ and the second that the initial pressure is so high that the ordinary 


glass taps cannot stand it, and leakages occur. It was decided, therefore, 
to use an inextensible balloon, and for this purpose the gall bladder of 
a small cat served very well. The bladder was removed from the animal 
and washed out with saline. It was then bound firmly to a small piece 
of brass tube, and stored in saline, covered with a layer of toluene to 
keep it sterile. When in use the bladder was filled with ‘liquid paraffin. 
Saline is unsuitable as it diffuses through the walls of the bladder when 
this is subjected to pressuré. The perfusion apparatus was the same as 
that used in the experiments already described. The bladder was intro- 
duced through a small slit in the apex of the left ventricle, this being done 
as follows. The bladder and brass tube were filled with paraffin by means 
of a fine glass pipette, care being taken to exclude all air bubbles. The 
5 c.c. pipette (Fig. 5, f) was also filled with paraffin and placed in position. 
The taps A and B were then turned so 

that the paraffin flowed from the pipette J\ 

and filled the tubes and the rubber con- , Denton 
nection for the brass tube carrying the _ ae | 
bladder. The brass tube was then in- MMA [\ 
serted into the rubber connection, care — 

again being taken to avoid the entrance 

of air bubbles. The paraffin was then | 
sucked back into the pipette, and the (j) \ 

balloon, which was quite flexible, was 
thus inverted into the brass tube. The 


end of the tube could now easily be (ii) ANAM 
inserted into the ventricle, and was tied AANA 


- firmly in place. Finally, by blowing Fig.6, Readfromlefttoright, Sample 


from the end of the pipette, the bladder gwen ee poe 
was everted into the ventricular cavity, Eup. 6. v. 30. a(i). On left, neal 
and filled to any desired extent. It was during cooling of s.-a. node. a (ii). 
then connected with the membrane by 2 left, heart beating at normal 


rh On t, after injection of 

turning the tap B. mg, bi). On lett, 
The observations repeated with this str injection of mg 

f left, heart 

method of recording were: cooling Onl On right, after 


the s.-a. node, simple injection of areco- ‘ection of 0-003 mg. 

line, and injection of arecoline while the 2-1 block es ge and ven- 
heart was being driven at constant rate. 

Fig. 6 shows a series of records, taken from two experiments, illustrating 
the three methods of slowing. 
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It is evident from these records that the decreased size of ventricular 
contraction produced by slowing of the heart rhythm is not an apparent 
one, due to defects in the recording apparatus, but a real one, as it still 
persists in records taken with an apparatus in which all possibility of 
overthrow is eliminated. The rise of the base line during the action of 
arecoline, so evident in the records taken with the levers, is entirely 
absent in these records, and may be taken to be an artefact peculiar 
to the method of registration. 


Conclusions from Part I. 


The conclusions to be drawn from the experiments described in 
Part I of this paper may be summarized as follows: 

The results of other workers, which show that vago-mimetic drugs 
such as arecoline, in small doses, only influence the size of the ventricular 
contraction when the a.-v. bundle is intact, have been confirmed. It has 
further been shown that this decrease in amplitude is a real one, and is 
not produced by imperfect methods of registration. 

_ That the effect is only observed when the ventricle is connected with 
the auricle is due to the fact that, in this case, the heart rhythm is 
greatly slowed by the drugs in question, whereas the idio-ventricular 
rhythm, which sets in after bundle section, is only affected to a very 
small degree. 

The theory that it is the slowing of the rhythm which determines 
the diminished size of the ventricular contractions is supported by the 


facts that the drug does not affect the ventricle when the heart rate is 


kept constant by rhythmic auricular stimulation, and that when the 
dose is large enough to produce heart block, the slowing of the ventricular 
rhythm which results produces a diminution in the size of the contrac- 
tions. Further, a slowing of the rhythm produced by cooling of the s.-a. 
node produces effects on the ventricle identical with those observed after 
injection of arecoline. 

That the inotropic effect is truly secondary to the chronotropic effect, 
and does not depend on some obscure auricular influence, is shown by 
the fact that it can be produced in the isolated ventricle when this is 
stimulated artificially and the rate of stimulation is varied. 
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Part II. 


- ‘THE RELATION BETWEEN AMPLITUDE OF CONTRACTION AND 
RATE OF RHYTHM. | 


The relation between the rate of beating and size of contraction 
which has been described in Part I is not the generally accepted one. 
For the mammalian heart, at least, it is usually stated that the con- 
tractions are more vigorous at slow rates than at fast ones, the customary 
explanation being that at the slow rates the muscle has more time for 
recovery between beats. The fact that the relation so stated is the exact 
opposite of that described in Part I of this paper must be due to dif- 
ferences in experimental method. There appear to be two methods of 
experiment in which increased amplitude with slowing of the rhythm 
would be observed. The first is that in which the whole animal is employed, 
and the heart is left in situ. Slowing of the rhythm, produced, for 
example, by cooling of the s.-a. node, will allow increased time for filling — 
of the ventricles during diastole with consequent greater length of 
ventricular fibres at the beginning of systole. The second method uses 
the isolated perfused heart, in which slowing of the rhythm is produced 
by cooling of the perfusion fluid. In this way, not only is the pacemaker 
cooled, thus slowing the rhythm, but the ventricular muscle is also 
cooled. Cooling of the heart muscle is known to produce larger con- 
tractions, even when the heart rate is kept constant. 

To account for the smaller contractions at slower rates, observed in 
the present series of experiments, two possibilities offer themselves. 


_. A simple and easily tested hypothesis is based on Wiggers’ theory of 


fractionate contractions. It is quite conceivable that, at slow rates, the 
impulse would travel more slowly, so that fewer muscular fractions 
would be in action at any one moment, and the records would show 
curves which were smaller in height, but proportionately greater in 
duration, than those found at high rates. The other possibility is that 
the phenomenon is a property of the cardiac muscle itself. 

(1) The former hypothesis was tested first. If it were correct, then 
the duration of a contraction should always show a distinct increase at 
the slower rates. The measurements were made on the optical records 
which had been taken on fast moving paper (see Fig. 6). In many cases 
the decrease of amplitudes with decrease of rate was accompanied by 
no increase in duration. In a few cases the duration showed a slight 
increase under these conditions; but this was never great enough to 
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account for decrease of amplitude by slowing of transmission, and in 
many cases, notably those in which arecoline was used, the slight increase 
of duration persisted after return to the original rhythm and amplitude. 
— It cannot, therefore, be connected with the slowing of rhythm and loss 
of amplitude, and is probably a fatigue effect due to the filling of the 
ventricular cavity with the tense bladder. 

An unlikely possibility still remained, namely, that at the slower 
rates the impulse might travel by a different path, and so alter the shape 
and size of the ventricular mechanogram. Rothberger and Scherf 
[1930] showed that a change in the point of application of artificial 
stimuli to the ventricle in the whole animal, changed both the electro- 
cardiogram and the intra-ventricular pressure curve. To test this possi- 
bility, electrical records were taken?. The hearts were set up for perfusion 
in the usual way, and simultaneous records were taken of the electro- 
cardiogram and the tension developed by the ventricular muscle, the 
latter by the balloon method already described. Slowing was produced 
by cooling of the s.-a. node, and by injection of acetylcholine. Arecoline 
is unsuitable for these observations, as it produces permanent changes 
in the form of the electrocardiogram, especially in the T-wave, which 
persist after the effect on the mechanogram has disappeared. Measure- 
ment of the records showed that, when slowing of the heart rate was 
produced by cooling the s.-a. node or injecting acetylcholine, with a 
corresponding diminution of amplitude, in many cases the electro- 
cardiogram was unchanged. In some there was a slight alteration in the 
T-wave, but in no case was there any change in the initial QRS complex, 
which is determined by the spread of the excitatory process. These 
experiments rule out the possibility that the smaller contractions at slow 
rates are due to changes in the rate or the path of propagation of the 
impulse. 

(2) It seemed probable, accordingly, that the phenomenon was due 
to a property of the cardiac muscle itself, and, to test this, experiments 
were carried out on perfused ventricular strips. 

Rabbits’ hearts were used as before. Strips of rabbits’ ventricle have 
_ the advantage that they do not beat spontaneously, so that no difficulty 

was experienced in imposing artificial rhythms on them. Fig. 7 gives a 
diagrammatic representation of the apparatus used. The Ringer’s solu- 
tion was of the same composition as that used in the experiments on the 


whole heart, and the arrangements for oxygenating and warming it were 


the same as before. The cannula, a glass tube bent twice at right angles, 
_ * Tam much indebted to Dr A. N. Drury for his help in the taking of these records. 
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was drawn out into a nozzle, sufficiently fine for insertion into one of the 


coronary arteries through its opening out of the aorta. A silk ligature, 


Fig. 7. Apparatus for perfusing isolated ventricular strips, a, strip of ventricular muscle; 
b, stimulating electrodes; c, recording lever (only part shown). 


passed under the coronary artery with a curved needle, served to tie the 
nozzle of the cannula firmly in position. Strips of right ventricle were 
tried at first, as it was expected that they would survive better; but it 
was found that the left ventricle was preferable, probably owing to the - 
fact that the left coronary artery is the larger, and allows a bigger flow 


of perfusion fluid. In any case, the flow was never large enough to 


maintain the temperature of the muscle much above room temperature. 
It was, therefore, necessary to immerse the strip in a bath of the Ringer’s 
solution. This, in turn, was immersed in a beaker of water, warmed to 
the desired temperature by a micro-burner. The free end of the strip 
was attached by a silk thread to a lever, similar to those used in the first 
experiments on whole hearts. The strip was stimulated rhythmically, 
one of the electrodes dipping in the bath of Ringer’s solution, and the 
other being attached to the upper free end of the strip. The latter 
electrode was made of fine wire and the lead from it was coiled, so that 
it was freely movable, and did not impede the movement of the strip. 


_ The rhythmic stimuli were produced by means of a rotary contact 


breaker, similar to that used in previous experiments, but having two | 
rotating arms connected in parallel in the primary circuit of an induction 
coil. Either arm could thus complete the circuit, and they were so 
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adjusted that the rhythm of shocks, produced when both were in action, 
was halved by cutting one out. The initial rate of stimulation was con- 
trolled by a variable resistance included in series with the motor driving 
the contact breaker. 


‘Fig. 8. Ezp. 11. vi. 30. Read from left to right. Record obtained with perfused strip of 
left ventricle. Stimulated rhythmically at a rate of 50 per min. At first arrow rate 
of stimulation was halved. At second arrow it returned to normal. 


Fig. 8 gives a typical example of the results obtained. It will be 
noticed that, when the rate of the stimulating shocks is halved, the beat 
after the first longer pause is enlarged, and that the following beats 
gradually decrease in size until a minimum is reached. When the original 
rhythm is resumed the beat following the first shorter interval is dis- 
tinctly smaller, but the following beats at the more rapid rhythm 
gradually increase in size until they are as large as those initially pro- 


is observed in the whole ventricle when the rhythm is slowed. 

Another property, common to the whole ventricle and the strips, is 
observed when the slowing of the rhythm is long enough maintained. 
When the slowing persists for more than ten or fifteen beats, it is noticed 
that the size of the beats tends again to increase gradually from the 
minimum, though it does not attain the amplitude characteristic of the 
faster rate. This was found to be much more distinct in some whole 
hearts than in others, and the same was true of the strips. After a 
secondary increase of this kind the return to the faster rhythm produced 
beats which were supernormal as compared with those recorded before 
slowing took place. After a short period the beats returned to the 
original amplitude. 

The phenomenon described could be most simply explained by as- 
suming that the optimal rhythm for rabbit’s ventricular muscle, that 
is, the rhythm at which the contractions are maximal, is a high one; 
in fact that it is of the same order as the natural sinus rhythm. A slowing 
of such a rhythm would then cause the contractions to become smaller. 


duced at that rate. This series of events agrees in every detail with what 
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An example of such a high optimal rhythm is described by Mines for 
the ventricles of certain elasmobranch hearts at temperatures between 
20° C. and 25° C. The natural rhythm in this case was sub-optimal, as 
acceleration by artificial stimulation augmented the contractions. There 
is a striking difference, however, between the records obtained by Mines 


_ and those obtained in the present work on rabbits’ hearts. In Mines’ 


experiments the first beat at the higher rhythm is augmented, and is 
followed by an ascending staircase of beats, until the larger size charac- 
teristic of the faster rhythm is reached. When the artificial stimulation 
is stopped and the rhythm returns to normal the beats diminish abruptly 
to the smaller size without any intervening staircase. In the case of 
the mammalian ventricle, as has been already described, the first beat 
at an accelerated rhythm is always diminished, and is then followed by 
an ascending staircase of beats until the larger size of contraction is 
attained. On the other hand, when the rhythm changes from a high 
to a low one, the first beat at the slow rhythm is augmented and is then 
followed by a descending staircase until the smaller size of beat charac- 
teristic of the slow rhythm is reached. It seems, therefore, that there 
is some other factor at work in the mammalian ventricle which is the 
cause of these transition phenomena. The high rate of beating appears 
to exert a favourable influence on the contractility of the muscle, and 
to leave some “‘trace” behind it, which causes the first beat at the slow 
rhythm to be augmented. The augmented beat occurring after a pre- 
mature contraction in the perfused heart could be explained in the same 
way. It is worth noting here that a premature contraction occurring 
during a phase of slow rhythm with the resultant small beats will cause 
the beat following it to be augmented to a size of the same order as 
that of the first beat at the slow rhythm. This is well seen in the ventricular 
record of Fig. 1 a. 

The changes in amplitude which occur when the rhythm changes 
from a slow to a fast one do not fit in with a simple explanation based 
on an optimal rhythm hypothesis. If we were concerned with a simple 
case of a high optimal rhythm, the first beat at the higher rhythm should 
be enlarged, as in Mines’ experiment. In fact it is conspicuously 
diminished, and is followed by an ascending staircase of beats. Here 
again it seems that the higher rate of — exerts some favourable 
influence on the cardiac muscle. 

- Tt seems, therefore, that we cannot define these high rhythms as 
optimal for the rabbit’s ventricular muscle in the generally accepted 
sense of the term. The large amplitudes observed at the high rhythms 
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appear to depend on a cumulative action of the contractions themselves. 
Such an action is very similar to that described by Bowditch from the 
frog’s ventricle, and it must be concluded that we are dealing here with 
a form of Bowditch staircase. (Wood worth [1903] describes a similar 
beneficial action of rapid rhythms on the perfused ventricular apex of: 
the dog. He ascribes the enlargement of the first contraction at a slowed 
rhythm to the combined effects of this cumulative action of the con- 
tractions and the prolonged pause.) 

This explanation is admittedly inconclusive. Until more experi- 
mental results are available it is impossible to draw more definite con- 
clusions. It is hoped that further experiments will make a more exact 
interpretation possible. 
 §o far the relation between rate and size of contraction has only been 
discussed with regard to the ventricle. It will be observed, however, 
that in the experiments in which the s.-a. node was cooled the auricular 
contractions diminished in size when slowing took place. Great stress 
is not laid on these results, as it is very probable that a certain amount 
of overthrow occurred in the recording of the auricular contractions. 
However, a recent paper by H. Loos [1930] supports the idea that the 
relation does hold for the auricle. He finds that the size of auricular 
contraction in the rabbit’s heart is affected more profoundly by vagus 
stimulation when the rhythm is allowed to siow, than when the rate is 
maintained constant by artificial stimulation. Loos’ experiments were 
performed on whole rabbits, but the phenomenon was still observed 
when the ven cave were clamped, so that it is not determined by 
factors relating to the filling of the auricle. 


SuMMARY. 


rad Cullis and Tribe’s observation, that vago-mimetic drugs only 

diminish the amplitude of contraction of the rabbit’s ventricle when the 
A.-v. bundle is intact, is confirmed. 

2. This action is shown to depend on the fact that the s.-a. nodal 
thythm is slowed by the action of the drug, while the idio-ventricular 
rhythm which obtains after section of the a.-v. bundle is not affected, 
similar diminutions of amplitude being observed when the rhythm is 
slowed by other means. 

3. A diminution is also obtained in the amplitude of contraction of 
perfused ventricular strips, stimulated er when the rate of 


stimulation is diminished. 
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4, This relation between the amplitude of contraction and the rhythm 


is ascribed to a form of Bowditch staircase. 


In conclusion I wish to thank Prof. Barcroft for permission to 
carry out these experiments in his laboratory, and Dr Anrep for his 


advice and criticism. 
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On the nervous control of insulin secretion. 
By J. Horr and H. Ernoutp. 


Debois has shown that the vagus innervation of the pancreas is 
necessary for a normal insulin secretion in —— to muscular exercise, 
or after an exogenous hyperglycemia. 4 

To follow the insulin secretion by another test, we studied the animal 
under the “‘allylisopropyl barbiturate of diéthylamine,” an anesthetic 
which does not modify the glycemic level. When we inject 60 eg. glucose 
per kg. into a rabbit, the glycemia goes to a high level but comes back 
practically to normal within a very short time, in 1} hours. 

When the same experiment is made on a rabbit with the two vagi cut, 
the glyceemia remains for hours at a 0-2 p.c. level. Injecting larger doses 
does not modify the general shape of the curve (1). The —— falls back 


to about 0-18 p.c. This is the kidney leak point. 


RABBIT: yi ev 


(1) T: INTRAV. GLUCOSE—P* 
To show that the insulin secretion after section of the vagi does not 


+ cour, even when the glycemia reaches a very high level of 300 or 400 mg., 
_ we have removed the kidneys. , 
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_ With vagi intact, the level comes back to 130 or 140 mg, But when the 
-vagi are cut, the glycemia will stay for hours at a level of 300 or 400 mg. 

_—p.c. (2). The pancreas by itself does not respond by an insulin secretion to 
a hyperglycemia. The insulin secretion which reduces a hyperglycemia is 
produced by stimulation of the vagus centre. 


BLOOD RABBIT: 2. KiDnexs REMOVED 
600 VAGL CUT 


VAGi_INTACT 


(2) T: ins. 


The dose of glucose injected is 1 gram per kg. 

We may mention that in the cat under ether we found that with vagi 
intact, glucose injection gives an increase in muscular glycogen. When 
the vagi are cut the muscular glycogen does not spadcai even after in- 
jection of ~~ amounts of glucose. 


Glycogen recovery in mammalian muscle as an insulin function. 
By G, Desois, 


A central on has been very puzzling to the students of glycogen 
formation in mammals, namely that the spinal animal (cat in our ex- 
periments) has a glycogen content in the striated muscles which remains 
constant for many hours, even with the high glycemic level. 

Best, Dale, Hoet and Marks demonstrated that insulin was laying 
down glycogen in the muscles. 

In the following experiments we studied the glycogen recovery after 
muscular contraction in the cat. 

We estimate the glycogen in four different muscles on the right and 
on the left side. Both sciatics are excited. The muscles on one side-are 
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The first fact is that, Ce 
glycogen after contraction. 


Cat 2/100. Spinal. 
Excitation of the sciatic nerves for 10 minutes, 


Glycogen p.c. 0-134 


There is no reoovery in a eat under ether with vagi cut 
Immediately after 


But under ether, with vagi intact, there is a nommeal oe 
Cat under ether—vagi intact. 


Immediately after 
excitation 1} hours later 
Glycogen mean value 0-067 0-160 
Cat under ether—left vagus alone intact. 
Immediately after 
gis excitation 1} hours later 
Glycogen mean value 0-267: 


After pancreatectomy, there is not the least glycogen recovery. — 
Insulin injection makes the recovery process possible in a very short 
time, 


Cat 2-500. Spinal. Excitation of the two sciatics, 


Injection of 1-5 units insulin per kg. 
Immediately after 
excitation ‘15 min, later 
Glycogen mean value 0-117 0-228 
Cat 2-220. Spinal. Excitation of the two sciatics. 
Injection of } unit insulin perkg, 
Immediately after 
| excitation 15 min. later 
Glycogen mean value 0-096 0-152 


In conclusion, we may state that the glycogen recovery after con- 
traction in mammalian muscle is an insulin function. The fact that there 
a2 
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is no recovery in the spinal animal is due to the suppression of the insulin ~ 
secretory tonus. 

The section of the vagi makes the recovery process in the muscles 
impossible just as in a spinal animal. 

4 unit insulin per kg. i enough to make the glycogen recovery prove 
possible. 


Changes in parathyroid and adrenal ices and in blood calcium 
in relationship to egg formation in fowls. By T. P. Sun and 
Marion M. MacOwan. (Preliminary Paper.) 


After their removal by dissection from first year, mature Leghorn 
hens the parathyroid and adrenal glands were weighed and portions 
placed in Bouin’s fluid for histological examination. The eggs present in 
the oviduct were also removed and weighed and blood was collected from 
the jugular vein for determination of calcium. One of the adrenal glands 


from each fowl was used for colorimetric determination of the epine- 


phrine content, The results are collected i in the following table: 


wt. in g. mg. p.c. wt. in g. mg. p.g. 
Below 0-1 11-5 ‘21 5-7 
0-1 12-2 15 61 
0-1 14-5 56 
0-15 14-5 +25 5-6 
0-4 14-5 29 7-1 (2a 
16-5 4-4 (1 3 
Average) 13:7 “21 
9-0 29-3 18 8-2 
10-5 32-0 “15 
12-8 25-4 17 + 
16-0 29-0 +22 $6 
18-2 24-0 ‘ll 8-8 (2) + 
Average 25-6 16 
30-0 23-0 21 33 + 
32-0 17-9 17 — +++ 
49-0 17-3 +22 12 
57-0 18-8 18 - 3-7 +++ 
Average ... 19-26 


* Figures in brackets omitted in averaging. 
The histological changes in the parathyroid glands consist in a distortion 
of the columns of cells associated ,with an apparent increase in the con- 
nective tissue of the trabeculew. The cell columns sometimes assume a 
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ring formation, like a vesicle, and under these conditions the cytoplasm | 
frequently becomes vacuolated. The extent to which these changés were 
observed to occur is shown in the table by plus signs, three such indi- 


cating vesicular arrangement, and one a decided increase in connective 


tissue without marked rearrangement of the cell columns. 

The observations are divided into three groups, depending on the 
weight of the eggs. A close relationship is sebn to exist between the egg 
weight and the blood calcium, and a more general one between the 
former, thé adrenal weight and the structure of the parathyroid gland. 
With eggs weighing 1 g: or less the blood calcium is at its lowest and the 
parathyroid gland is invariably normal in structure; with those between 
10 and 20 g.. the blood calcium becomes nearly doubled and the para- 
thyroid frequently shows histological changes; These are always present 
with eggs between 30 and 60 g., when however the blood calcium shows 
a tendency to return to the lower level: The adrenal gland diminishes in 
weight as the eggs increase in weight to between 10 and 20g.; but in- 
creases again when these become larger: No histological changes asso- 
ciated with these changes in weight could be detected in the adrenal. 
glands and an attempt was made by determining the concentration of 
epinephrine to see whether it is the medulla or the cortex which changes 
in volume. Although not apparent when the average values of the groups 
are compared—owing to variability in the colour standards used at 
different periods in the research—differences were observed when, with 
the same standards, one hen was used with a moderately large egg 
(10-20 g.) and another with a small one. In the former the adrenal 
weighed less but contained a higher concentration of epinephrine, as is 
evident by comparing the observations indicated by the numbers in 
brackets: This relationship suggests that it is the cortex which changes 
relatively in volume. 


The utilization of sugar by the lungs. By E. W. H. Ya al 
©. W. Srarrur. (Preliminary communication.) | 

It is entirely misleading to take the disappearance of sugar from the 
blood perfusing any organ as a measure of its sugar utilization: In the 
utilization of sugar by any tissue there is maintained an equilibrium 
between the sugar content of the blood and the storage or breakdown of 
the glycogen within the tissue: In order to determine how much sugar 
an organ utilizes it is essential to determine, over a definite period of 
time, the amount of Q, used, and to correlate this with the amount of 
——— blood in that time. 
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_. Im the work which has been carried out on the sugar consumption of 
the isolated heart-lung preparation little accurate account has been taken 
of the part played by the lungs. In order to determine the:changes in 


glycogen content of the heart we have estimated 0, consumption and 


blood sugar differences in isolated heart-lung experiments extending 
ovér periods of from 1 to 4 hours. A similar investigation has been 
carried out on mammalian lungs perfused with blood taken from the 
animal. It would appear from our results that, with a continued normal 
blood sugar percentage there is a balance between sugar oxidized and sugar 
removed from the perfusing blood. The sugar utilization by the lungs 
remains steady between 0-700 and 0-800 mgm. per gram of heart muscle 
per hour. In conditions of hyperglycemia, while the sugar utilization 


- of the lung remains almost constant, there is a synthesis of glycogen 


within the lung tissue. On the other hand, where hypoglycemia obtains 
glycogen disappears from the lung, and thus an attempt is made to 
maintain the sugar consumption of the lung constant. The effect of 
insulin has been studied and it would appear that in hyperglycemia 
glycogen is synthesized, in hypoglycssmia it is ultimately broken down, 
and under both conditions there is no os — in the amount of 
oxidized by the 


ak i ‘Observations on intestinal inhibition. By B. FINKLEMAN. 
(Preluminary communication.) 


in narrated preparation of plain muscle has been made by inolating 
a. » pea of rabbit gut with its mesenteric attachment. When the nerves 
which run in the mesentery are stimulated by a rapid series of induction 
shocks prompt inhibition of the plain muscle ensues. It is known that 


. ephedrine, in concentrations which do not affect the rhythm or tone of 


the gut, reduces the inhibitory action of adrenaline. It was found that 
concentrations of ephedrine which reduced the inhibitory action of 
adrenaline equally reduced the inhibitory response to ‘nerve stimulation. 


With a suitable piece of gut it is possible, by adding adrenaline in low _ 


but gradually increasing concentrations, so to desensitize the muscle that 
it contracts normally in the presence of a high concentration of adrenaline 
which would completely inhibit its movements if added suddenly. When 
this was done with the nerve-muscle preparation the inhibitory response 
to nerve stimulation was reduced as the concentration of adrenaline 
increased. On washing out with fresh Ringer’s solution nerve stimulation 
again produced a normal inhibitory response. If, by means of ephedrine, 
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a piece of gut was partially desensitized to nervous stimulation, the 
process. could be completed by slowly adding adrenaline. 

Recently it has been possible to demonstrate humoral transference 
of intestinal inhibition. A nerve-muscle preparation is set up in a chamber 
containing warm moist air, and warm Ringer’s solution is allowed to 
trickle slowly over its surface and thence over a second piece of rabbit 
intestine placed below the first preparation. The contractions of both 
pieces of muscle are simultaneously recorded, and are’ quite regular 
though not of such large amplitude as they would be in a bath of Ringer’s 
solution, When both pieces of muscle are contracting regularly the nerve 
to the upper piece of gut is stimulated. Prompt inhibition of the upper 
piece of gut ensues, and after an interval of about one minute, during 
which time the nerve is still being stimulated, the lower piece of gut also 
shows some lowering of tone. Since the two pieces of gut are in no way 
connected this inhibition must have been produced by. the diffusion into 
the fluid of some inhibitory substance. Hence it is suggested that the 
inhibitory nerves to plain muscle liberate at their endings a an inhibitory 
substance with some adrenaline-like characteristics, 


The metabolism of the frog’s heart. CLARK, 
Gappre and C. P. Srewarr. 


The respiratory quotient of the frog’s isolated heart was measured. 
A modified Barcroft manometer was used similar to that described by 
Clark and White (J. Physiol. 66. 185. 1928); 4 c.c. M/20 NaOH 
was placed at the bottom of the bulb, the changes in conductivity were 
measured, and the carbon dioxide production was thus calculated. In 
addition the following chemical estimations were made: glycogen 
content of hearts (modified Slater and Kermack method); sugar 
content of perfusion fluid (Hagedorn-Jensen method); nitrogen 
content of perfusion fluid (micro-K jeldahl mata: fat content of 
heart (Stewart and White method). 

In a series of experiments in which the hearts were perfused with 
Ringer’s solution for 24 hours the following average figures were obtained : 
total oxygen use about 3 c.c.; respiratory quotient 0-84. The glycogen 
content after perfusion was 0-2 p.c., which is about one-third of the normal 
content. This corresponded to a glycogen loss of about 0-5 mgm., and 
about 0-4 mgm. sugar passed into the perfusion fluid. In some cases the _ 
sugar excreted was greater than the estimated glycogen loss. The actual 
glycogen loss corresponded to an oxygen consumption of less than 
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0-4 c.c., which is about one-eighth of the oxygen consumed by the heart. 
About 0-3 mgm. nitrogen was excreted which corresponded to an 
oxygen consumption of nearly 2 ¢.c. The fat content of perfused hearts 


(478 p.c.) was nearly thé same as the fat content of control hearts 


(4:84 p.c.). Hearts perfused with frog’s serum showed respiratory 
quotients and glycogen losses similar to those shown by hearts perfused 
with Ringer’s solution. 

The chemical analyses and the measurements of the respiratory 
quotient together indicate that less than one-quarter of the material 
oxidized by the frog’s isolated heart is carbohydrate. No'evidence has 
beéti obtained for the oxidation of fats by the heart, but there is evidence 
that protein is broken down, and in some cases the - Shean suggest that 
the heart can form sugar from protein. : 


Dagwudnitiok changes after unilateral lumbar sympathectomy. 
By 8. Nevin. (Preliminary communication.) 


_ The material examined was obtained from dogs which had been 
sympathectomized for the investigation of the physiological (i) and 


_ chemical changes@) in the skeletal musculature. 


1. Changes in the sympathetic cord below the part removed. 

Five months after the removal of the upper lumbar sympathetic 
ganglia, the ganglion immediately below shows, on comparison with the 
similar one on the normal side, a disappearance of the typical inter- 
cellular network, but no definite changes in the nerve cells either as 
regards general form or Nissl’s granule content or in the nuclei (silver 
pyridine and Nissl’s methods). Immediately below the uppermost 
ganglion in the distal segment of the sympathetic cord on the operated 
side a few small medullated post-ganglionic fibres are still evident three 
months after the operation. These are seen to pass into the grey rami, 
and are probably sufficient to account for the majority of the medullated 
fibres in the grey rami in the dog. 


2, Changes in the peripheral nerves after sympathectomy. | 

(a) There is no definite alteration in the number or at ec of 
the small medullated fibres. 

(6) After removal of the sympathetic ganglia supplying post- 
ganglionic fibres to the peripheral nerves there is a considerable reduction, 
but by no means a complete disappearance, of the non-medullated fibres 
in these nerves, Those which remain are always found associated with 
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the small medullated nerve fibres and undoubtedly have a common 
origin in the spinal ganglia; as groups containing both in close relation- 
ship with one another are to be seen distributed throughout the dotsal 

The ventral roots contain no non-medullated efferent fibres. 

In order to distinguish the sympathetic components of the peripheral 
nerves from those of spinal origin, the changes produced after dorsal and 
ventral root sections were also studied. Section of the dorsal roots proxi- 
mal to the ganglia resulted in complete degeneration of all fibres in the 
central end, and'no- degeneration in the distal end attached to the gang- 
lion, medullated and non-medullated fibres remaining intact: -After 
removal of the lumbar spinal ganglia practically complete degeneration 
of the medullated and non-medullated fibres occurs within the first few 
weeks after the lesion: At later stages some very small medullated fibres 
are to be seen in the central end as by and 
Kuré(4). 


3. Changes in the muscles. 


No changes are to be observed in the aailes up to five months te 
sympathectomy. After removal of the sympathetic ganglia from which 
the post-ganglionic fibres arise there are still to be seen in the muscle 
nerves non-medullated fibres which have been derived from the spinal 
ganglia. After removal. of the spinal ganglia there remain the non- 
medullated fibres of sympathetic origin which are seen to pass to the 
blood vessels and not to the muscle fibres. 


1. McCullagh, McFadden and Milroy. J. Physiol. 69. p. 353. 1930. 
2. Beattie, F., Beattie, M: and Milroy. Ibid. 69. p. 364. 1930. 

3. Sherrington. Ibid. 17. p. 211. 1894. | 

4. Kuré. Quart. Journ, Exp. Physiol. 20. p. 51. 1930. 


On the physiological action of glyoxals. By A. Hynp. 
Considerations of structure would lead one to expect that the glyoxals 
would exert a marked physiological action. Comparatively little work, 
however, has so far been done in this field. 
The effect of a subcutaneous injection of glucosone, the glyoxal 
derivative of glucose, has been described by me(1), the action of pyruvic 
aldehyde (methyl glyoxal) has been investigated by a number of workers, 


4 _ and experiments with the corresponding hydroxy-derivative have been 


described by Kermack, Lambie and Slater@). 
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These workers claim that the dimeric form of. hydroxy-methy] 
glyoxal is highly toxic to mice and rabbits, causing “symptoms similar 
to those described by Herring and Hynd@) as being produced by 


glucosone.” This result is exactly what one would predict, as hydroxy- 


methyl glyoxal (glycerosone) bears the same relationship to the trioses 
that glucosone does to glucose. Nevertheless, the question required re- 
bers for the following reasons: 

(i) Though not published, the toxic action on mice of hydroxy-methy] 
pre as prepared by the method of Evans and Waring(4), had 
been observed by me in October, 1927, and the — then noticed did 
not correspond to that of glucosone; 

(ii) No explanation was given by Sesncol Senshi and Slater 
as to why the monomeric form of hydroxy-methyl glyoxal, though 
holding the aldehyde group in a more reactive condition, was less — 
and did not produce “the same train of symptoms”; _ 

(iii) No control experiments with glucosone were carried out. by Ses 
authors. 

The results of my experiments, which were carried ont on mice 
and rats, may be summarized as follows: 

(a) Solid hydroxy-methy! glyoxal, prepared by the method of Evans 
and Waring, is, as a rule, contaminated with an unstable, highly toxic 
by-product. 

(6) As all the preparations give a strong nitroprusside reaction, the 
by-product may be a thiol derivative produced through the use of 
hydrogen sulphide, but its exact nature has not yet been determined. 

(c) A highly toxic product also arises when “oxantin” or glyoxal is 
similarly treated with. hydrogen sulphide, but not when acetic acid, 


_ glucose, fructose, or glucosone is so treated. 


Monomeric or polymeric forms of hydroxy-methyl when 
prepared free from sulphur compounds, exert practically the same effect 
when injected subcutaneously into mice or rats. 

(ec) Similarly, glyoxal shows little if any ‘difference when used in 
the monomeric or polymeric state. 

(f) The effect produced by hydroxy-methyl glyoxal containing the 
toxic by-product is not like that produced by glucosone, and the symp- 
toms produced by pure hydroxy-methyl glyoxal are also quite distinct 
from those produced by glucosone, but resemble closely those produced 
by glyoxal. 


(g) With either glyoxal or hydroxy-methyl glyoxal, « even when a 


lethal dose is administered, the onset of symptoms is. not rapid. The 
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animal gradually becomes drowsy and inactive, and when disturbed 
moves about with difficulty owing to weakness of the limbs. Breathing 
gradually becomes more — and death follows, without convulsions, 
in from 2 to 3:hours. 


It is concluded, therefore, that there is no essential difference in the | 


_ effects produced by the monomeric and dimeric forms of hydroxy-methyl 


glyoxal. The supposed difference in toxicity of the two formsis adequately 
explained by the presence of an unstable, highly toxic by-product, which — 
arises through the use of hydrogen sulphide. _ 

Further, a close analogy can be drawn between the effect of dronal 


and that of hydroxy-methyl glyoxal, but there is is no en _— 
that of the latter and the glucosone effect. | | 


1. Hynd. Proo. Roy. Son. Lowi, B, 101. 244, 1081, 
2. Kermack, Lambie and Slater. Biochem. Journ. 23. p. 410. 1929, 
3. Herring and Hynd. J. Physiol. 66. p. 267. 1928. : 

Evans and Waring. J. Amer. — 1926, 


‘Sublimation in vacuo as a method of separating certain 
_ chemical constituents of the body. By S. AnpREWs and 
J. A. Mitroy. (Preliminary communication.) 


_ Although sublimation has been frequently used as a method for the 
purification of organic substances, comparatively little work has been 
done on its direct application to dried animal tissues and fluids. He 

Kempfq) has separated micro-sublimates from dried human blood 
in fractions subliming at 90°, 120° and 170° to 180°; but has not. deter- 
mined their chemical nature. Further, Werner(2) has also separated 
certain @-monoamino-monocarboxylic acids by sublimation in vacuo. 

The apparatus used for the following experiments is similar to that of 
Werner, in some cases slightly modified so as to obtain larger quanti- 
ties of sublimates. 

On repeating Kempf’s experiment with dried hemes blood a sub- 
limate of fine needles of homogeneous character was obtained at 90° to 
100°. These crystals were insoluble in water, soluble in alcohol, ether and 
chloroform and gave positive Salkowski and Liebermann reactions. 
Evidently they consisted mainly, if not entirely, of cholesterol. At 120° 
a sublimate of plate-like crystals, similar to that obtained by Kempf, 
condensed on the cooled surface. These also gave positive colour reactions 
for cholesterol and apparently consisted mainly of cholesterol. 
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Only traces of crystalline sublimates were obtained from blood filtrates 


freed from coagulable protein and concentrated to dryness. Further work 


is in progress with the object of obtaining by means of certain modifica- — 
tions in technique sufficient amounts of such sublimates for chemical , 


examination. 
"Aqueous extracts of mammalian striped muscle freed from coagulable 
protein and evaporated to dryness also yield crystalline sublimates. In 
view of this fact it was deemed advisable to ascertain whether creatine 
and creatinine are sublimable, as no statements on'this question were 
found in the literature. Both creatine and creatinine*(previously dried 
for 12 hours at 105° to 110°) yielded crystalline sublimates when heated 
in vacuo rapidly at 170° to 180°, more slowly at: 150°. Creatinine 
sublimed more rapidly than creatine. According to Mulliken) 
creatine decomposes without melting at 295°, and creatinine at 235° 
(Rona(4)), or 295° (uncorr.) (Mulliken@)). The temperature of sub- 
limation is therefore much lower than the temperature of decomposition. 
A solution of the sublimate of creatine gave a positive diacetyl reaction 
but only a faint Jaffé reaction, while that of creatinine gave positive 
Weyl and Jaffé reactions. These results indicate that the two 
substances sublime without decomposition. | 

Crystalline sublimates of glycocoll, d-alanine and J-leucine were also 
obtained at temperatures below 155° in order to have microscopic pre- 
parations of sublimates of these acids as an aid to their identification 
when sublimed from mixtures. Further, the deposit of monoamino acids 
prepared by Dakin’s method(5) was found to be almost completely 
sublimable in fractions between the limits of 135° to 190°, only a trace 
of non-sublimable residue being left. Tyrosine was also found to yield 
a sublimate of fine colourless needles at a temperature of 220° to 230°. 
Adrenaline yielded a crystalline sublimate at about 170°. 


1. Kempf. Die Methoden der organischen Chemie. By Houben Weyl. dd od. p 43 
1921. 

2. Werner. Mikrochemie, 1. p. 33. 1923. 

3. Mulliken, 8. P. In Hunter. Creatine and Creatinine, pp. 13, 19. 1916. 

4. Rona, P. In Hunter. Creatine and Creatinine, p. 19. 1911. 

5. Dakin. Biochem. Journ. 12. p. 290. 1918. 
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Calcium shifts in experimental rickets. 
By J. (Louvain). 


‘When healing of rickets takes place there is a return to normal 
concentration of calcium and inorganic phosphorus, and the deposition 
of lime occurs rapidly in the rachitic lesions. Our observations seem to 
support the view that the calcium which must be secured is at least 
partially provided, firstly by the immediate. neighbourhood, secondly by 
the spongious trabeculae which constitutes a reservoir of readily available 


calcium. 


The first evidences are given by the radiographic appearance. The 
proximalend of a tibia at the period of rickets shows, under the band of 
tissue pervious to the X-rays, a line of greater density extending across 
the of bone (Figs. 1, 3). Radiographic examination of the 


lesion discloses at first a discrete calcified shadow lying on the sich 
side of the metaphysis. Immediately afterwards the distal layer of the 
rachitic band points out some calcification, but at the same moment the 
coarse area adjacent to it fades away. This can be explained if we admit 
that the lime deposited there migrates upward in the uncalcified zone. 

Support is given to this interpretation by the following fact: if a local 
healing happens in one half only of the tibial end, the underlying denser 
line disappears precisely and exclusively in the corresponding field, whilst 
it still persists in the other unhealed half (Fig. 2). . 

Simultaneously in the zone of spongious trabecule there appears a | 
limited and slight area of decalcification very often oval in shape (Fig. 4). 
Indeed it may be present faintly when the rachitic process is progressing, 
but it becomes more evident with healing. One is inclined to deduce that 
the lime there located has also been used for repair purposes. 

Those radiographic observations find a confirmation in the histo- 
logical control. By ® modification of Kossa’s silver nitrate method 
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(consisting in a decalcification of the material previously treated with 


silver nitrate) one may follow the migration upward of the coarse line of 
calcium deposits. In places where healing is not yet established, the 
impregnated particles are still included in the spongious trabeculs ; = 
are lacking on the contrary where healing 1 is present. 

- These observations of calcium shifts in the process of healing Wchiets 
finds a correlation in the work of Leriche and Policard() describing 
a local transport of calcium in the consolidation of fractures. On the 
other hand our results are in agreement with the recent experiments of 
Gyorgy) relating that over-dosage of irradiated ergosterol to rats on 
a diet poor in calcium brings out a marked rarefaction in the under- 
epiphyseal region. This author is of the opinion that the spongious 
trabecule form a source of easily movable calcium. In the same line of 
work one may also recall the paper of Bauer, Aub and Albright(3) 
who report, after repeated treatment with parathormone, a decalcification 
_ of long bones extending especially to the trabecular zone. 


1. Leriche, R, and Policard, A. Physiologie normale et pathologique de l’os. Paris, 
Masson, 1926. 

2. Gyorgy, P. Klin. Wochens. 9. pp. 102-104. 1930, 

3. Bauer, W., Aub, J, C. and Albright, F, Journ. of Exper. Med. 49, pp. 145-162. 1929. 
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‘The measurement of radiant heat in relation to human comfort. 
By H, M. Vzrnon, 

A person present in a room heated by a fire receives radiant heat 
directly from the fire itself and to a less extent from objects warmed by 
the fire, whilst he may receive what may be termed negative radiation 
from the cold windows. These various radiations can be summated and 
measured by means of the globe thermometer. This consists of a hollow 
sphere of pasteboard covered with cloth. A thermometer is inserted with 
its bulb in the centre of the globe, and the globe is suspended in the air, 
exposed to radiation on all sides. The temperature indicated by the 
thermometer was found to be the same as the average surface tempera- 
ture of the globe, which was estimated by means of a Moll thermopile. 
When globe thermometers of various sizes were exposed to the radiation 
of a gas fire 1-83 m. distant, they attained the temperatures, in excess of 
the air temperature, which are recorded in Table I. The globes were © 

Taste I, Excess radiation temperatures, 
Gas fire radiation 


"Covering of globe °C. cloth covered’ °C, °C, 
228  Darkgreyolth 68 64 54 44 
15:2 6-2 51 49 43 

6-3 aT 


152. Whitelinn 58 — 4 
15-2 Black velvet 5-7 14-7 
15-2 (Blackened glass) 44 15-6 


covered with dark grey cloth, and the largest of them (22-8 cm. in 
diameter) showed the highest radiation temperature, but smaller globes 
were only slightly inferior. The 6-3 cm. globe was a black bulb solar 
radiation thermometer with its bulb covered with cloth. An ordinary 
thermometer with its bulb cloth-covered showed a considerably smaller 
temperature, whilst a thermometer with the bulb uncovered but painted 


Lager. 

Still air 
: temperature Moving air temp. Solar radiation 
Covered Covered 
Size of with Un- Covered with Un- 
globe cloth covered with Un- cloth covered 
: 
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black showed a still smaller temperature. Globe thermometers, however, 
showed only a slightly lower temperature when they had a matt black 
surface instead of a cloth-covered one. All the observations specified 
were made in nearly still air (with a velocity of 3-6 m. per min.). When 


- repeated in an air current of 82 m. per min. the excess radiation tem- 


peratures were only about half as great as before, the uncovered thermo- 
meters showing a greater reduction of temperature than the covered ones. 
~ When the thermometers were exposed out of doors to the noonday 
sun in June, they showed the excess radiation temperatures recorded on 
the right side of the table. It will be seen that their differences are 
considerably greater than those observed with gas fire radiation. As the 
pasteboard. globes are not rain-proof, a glass globe thermometer was 
constructed. It was a spherical glass flask 15-2 cm. in diameter, and it 
was painted black inside and out. When exposed to gas fire radiation it 
showed the same temperature as the large cloth-covered globe thermo- 
meter, but a lower one when exposed to solar radiation. Probably the 
large cloth-covered globe thermometer is the best of the instruments 
tested, for it has the same relationship between surface area and volume 
as that found in a 70 kg. man. 
In order to test the globe in of 
two investigators sat at such a distance from a gas fire or a stove as 


TaBtz II. Radiation-convection temperatures inducing comfortably warm sensations. 


Excess 
Number Radiation- 
of heat § ofhourly Airtem- tempera- convection 
sourcein observa- temperature 
Source of radiant heat metres tions °C. °C. °C. 

Gas fire ese 1-77 6 9-6 71 16-7 
2:07 4 12-1 4:3 16-6 

‘aie 2-80 14-0 2-6 16-6 

Stove ... =... 1-83 3 3-5 17 
2-07 16-2 0-2 | 
Ceiling panels... 2-74 4 16-0 0-9 16-9 | 17-1 
” eee 4-57 4 16-5 0-7 17:2) 


caused them to feel comfortably warm. They averaged the temperatures 
over hourly periods, and it will be seen from Table II that when the air 
temperature was 9-6° C. they needed tosit 1-77 m. fromthe fire. A 15°2.cm. 
grey cloth-covered globe thermometer then indicated an excess radiation 
temperature of 7-1°, so what may be termed the radiation-convection 
temperature amounted to 16-7°. At higher air temperatures the subjects 
had to sit at such a distance farther from the fire that the radiation- 


convection temperature remained at practically the same figure. So it 
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did in a room heated by an anthracite stove, but in a room heated by 
ceiling panels it was slightly higher because of the greater air velocity 
(6:1 m. per min. as compared with 3-6 m.). 

Globe thermometers are a very sensitive indicator of the heat- 
absorbing value of various kinds of clothing in sunlight, for we see from 
Tablé I that a globe covered with white linen was about 10° cooler than 
one covered with dark cloth or black velvet. 

_ Solar radiation observations on thermometers enclosed in thin metal 
globes of two sizes (15 and 40 cm. in diameter) were made by Aitken (1) 
in 1887, but they do not appear to have been followed up@). 


1. Aitken, J. Proc. Roy. Soc, Edin. 14. p, 428. 1887. 
2. Cf. Aitken, J. Journ. Scot. Meteor. Soc. 15. p. 295. 1911. 


A modification of the decerebrate preparation for making it 
suitable for the study of the carotid sinus reflexes. 
By J. J. Izquierpo. 


Evidence has been brought forward in a paper to be published soon 
showing that a typical and constant feature in the normal blood-pressure 
curve obtained on stimulation of the splanchnic nerve (the simple 
“notch,” “step” or ‘“‘dip”) is related to the activities of the aortic and 
carotid sinus nerves, particularly the latter. 

Thus the findings of McGuigan and Hyatt(1) who observed that 
“after ablation of the head or pithing of the brain in the cat the primary 
fall and secondary rise were absent”; those of Vincent and Wright(2) 
who concluded that the characteristic curve is “uncommon in the 
decapitate animal” and those of Thompson‘) for whom “the dip does 
not occur” in the decerebrate preparation become clarified. 

In making the decapitate preparation ‘‘each common carotid artery is 
ligated close posterior to its thyroid branch, the neuraxis severed about 
4mm, behind the point of the calamus — ” and the head 
removed (4). 

Such a procedure necessarily must interrupt the salen channels for 
both the aortic and carotid sinus reflexes. The preparation is only suitable 
for the study of the part played by the suprarenals upon the features of 
the blood-pressure curve obtained on stimulation of the splanchnic 
nerves, 

In making the decerebrate preparation 6) the reflex channels for the 
aortic reflexes are kept intact but again “the common carotids right and 
left are tied or looped close below their thyroid branch.” If they are tied, 
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or one tied and the other used for inserting the cannula for recording the 
arterial pressure, the centripetal channels from the sinus are also de- 
stroyed and the preparation is made unsuitable for demonstrating the 
reflexes originating from the pressure variations upon the carotid sinus. 
To have a preparation in which the normally innervated carotid 
sinuses are in relation with the general blood-pressure through the 
common carotids leading to them, the following modification is introduced. 
Instead of tying the common carotid arteries, ligatures are placed 
distal to the sinus on the external carotid and occipital arteries, con- 
siderable care being taken to avoid injury to the sinus and sinus nerves. 
It.is unnecessary to ligate the internal carotid arteries in the cat as these 
convey such a small amount of blood to the circle of Willis (6). 
The rest of the preparation is made as usual. | 
Blood-pressure must be recorded from the femoral artery, because 
the insertion of a cannula in the carotid eliminates the tone and functions 
of the corresponding sinus. | 


1. MoGuigan, H. and Hyatt, E.G, Journ. Pharmacol. 12. p. 59. 1919. 
2. Vincent, 8. and Wright, 8. Quart. Journ. Physiol. 14. p. 285. 1924. 
3. Thompson, J. H. This Journ. 65. p. 441. 1928. 


4, Sherrington, C. Mammalian Physiology, p. 137. Clarendon Press, Oxford, 1919. 
5. Sherrington, C. Ibid. p. 147; 
6. Florey, H., Marvin, H. M. and Drury, A. N. This Journ, 65. p. 204. 1928. 


Muscle counts of motor units. By D. A: Ciark (Ozford). 

Quite recently the attention of physiologists has become focussed upon 
the ‘motor unit,” the ultimate functional element on the motor side of 
the reflex arc. The term, which was introduced by Sherrington@), was 
defined by him as follows 2): “The muscle and its nerve may be thought 
of as an additive assembly of ‘motor units,’ meaning by ‘motor unit’ an 
individual motor nerve fibre together with the bunch of muscle fibres it 
innervates.” Eccles and Sherrington() have lately found that the 
isometric contraction tensions developed by individual motor units may 
be as great at 10 to 30 gm. and it therefore became a problem of interest 
to determine how many muscle fibres belonged to a single motor nerve 
fibre. M. soleus and M. extensor longus digitorum (cat) were selected as 


representative of slow “red” and rapid “white” muscle respectively; 


five animals were deganglionated and allowed to survive for a period of 
45-60 days in order to ensure degeneration of all sensory fibres. Prof. 


Sherrington then determined the tension developed in a maximal | 


tetanus of each muscle (torsion wire myograph) and counted the motor 
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fibres remaining in the nerves, The muscles themselves, after careful 
dissection, were split between fasciculi into three parts, and cross-sections 
taken of each part. By means of a microprojector, the images of these 
sections, magnified about 100 times, were projected on bromide paper. 
The fibres in each photograph were then counted in a manner similar to 
that used by Dale(4) for counting nerve fibres, constant reference being 
made to the original slide as a control. All the fibres contained in each 
muscle were thus enumerated; each total was divided by the number of 
motor fibres in its nerve, giving a mean value for the number of muscle 
fibres in & motor unit of a particular muscle. By dividing the weight of 
the muscle and the tension developed by the total number of muscle 
fibres, values were obtained for the weight of a single muscle fibre, and — 
for the tension developed by it; and by dividing the total tension 
developed by the number of motor nerve fibres supplying them the 
tension per nerve fibre (that is to say, for a single motor unit) was 
obtained. The average figures were: Weight of a muscle fibre, M. soleus 
0-122 mg., M. extensor longus digitorum 0-072 mg.; tension developed per 
muscle fibre, M. soleus 84 mg., M. extensor longus digitorum 48-5 mg.; 
tension developed per motor unit, M. soleus 9-9 g., M. extensor longus 
digitorum 8-6 g. It will be seen that the “white” fibre is somewhat 
the weaker and somewhat the lighter in weight. This might be accounted 
for by a difference in length, but measurements of the lengths of about 
fifty fibres (dissociated in nitric acid) indicate that this is not the case. 
It is therefore evident that the rapid “white” fibre is weaker and lighter 
than the slower “‘red” fibre; but the tension developed per motor unit. 
is much the same in the two muscles. It thus follows that there is a larger 
number of fibres in a single unit in M. extensor longus digitorum than in 
M. soleus, the averages being as follows: for M. soleus, 120 muscle fibres 
in a motor unit, and for M. extensor longus digitorum, 165 fibres. It must 
be borne in mind that all the values are average figures and that it is 
probable that individual motor units within a single muscle vary con- 
siderably in the amount of tension they develop and in the number of 

muscle fibres they contain. 


1, Sherrington, C. 8. Proc. Roy. Soc. B, 97. p. 519. 1925. 

2. Sherrington, C. 8. Ibid. B, 105. p. 332. 1929. 

3. Eccles, J. C. and Sherrington, C. 8. Ibid. B, 106. p. 326. 1930. 
4. Dale, H. H. Journ. Physiol. 25. p. 196. 1900. 
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‘Impulees in sympathetic fibres and in slow afferent fibres. 
By E. D. Appian. 


Erlanger and Gasser (1930) have shown that the dorsal roots 
contain fibres which conduct very slowly (-5 metre per sec. in the frog). 
They suggest that these are unmyelinated fibres and that they may be 
responsible for protopathic sensation. It is known, however, that an 
induction shock applied to a nerve evokes protective reflexes by exciting 
sensory fibres of the rapid type. In the splanchnic, for instance, the 
sensory fibres which give reflex contractions of the abdominal muscles 
conduct at 40 metres per sec. (Dennig, 1929). The function of the slow 
fibres is therefore of considerable interest. As it was possible that their 
action potentials were very small, preliminary observations were made 
on the discharges in post-ganglionic sympathetic fibres. These might be 
expected to give potentials of the same order and their activity could be 
detected by their effects on muscles and glands. By leading from the 
dorsal cutaneous nerves in the decerebrate frog it was found that impulses 
in sympathetic fibres could be recorded without difficulty. Most pre- 
parations give an occasional discharge of efferent impulses which are 
conducted very slowly (not faster than 2 metres per sec.) ; they cease if the 
sympathetic chain is destroyed or if the cord is pithed, and their frequency 
is greatly increased by rubbing or pinching the legs. The action currents 
often occur in volleys with considerable overlapping, but a number of 
isolated responses of constant form are usually present and these seem 
to be due to single fibres or to several fibres acting in unison. In such 
responses the potential rises to its maximum in about 3-5 and has fallen 
to half in about 7-10c, The potentials developed may be a fifth or more 
of those in the rapid sensory fibres. Similar discharges have been re- 
corded in the cutaneous nerves of the spinal (decapitate) cat, asphyxiated 
until the hairs are erected. 

A knowledge of the form of these sympathetic impulses made it 


_ easier to detect the slow afferent impulses in the cutaneous nerves of the 


frog. So far the only stimulus which can be relied upon to produce them 
is the application of acid to the skin. As a rule their potentials are smaller 
than those of the sympathetic impulses but their time relations are of the 
same order. The conduction rate is in the region of one metre a second but 
accurate measurements have yet to be made. Fig. 2 shows the striking 
difference between the impulses produced by acid and by touch. The 
discharge due to acid varies greatly from one preparation to another, 
but the slow impulses appear to come from endings responding to 
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chemical stimulation and they are presumably responsible for the reflex 
struggling movements produced by acid on the skin. If so, it must follow 
that pain reactions are not evoked only by impulses in one particular 
type of afferent fibre, since either the slow or the rapid type may give 
rise to protective reflexes. | 

No doubt the sensation produced by these slow fibres should be 
classed as “ Common chemical sensation” (Crozier, 1916): the distinctive 
character of the fibres makes it easy to understand the finding of Cole - 
(1910) and Crozier that cocaine may abolish the response to pinching 
or pricking without affecting that to acid. 


Fig. 1. A. Isolated discharge in sympathetic fibre, dorsal cutaneous nerve of frog, mono- 
phasic leads. B. Impulse due to touching skin in similar nerve (shunted to }). 


™ 2. A. Dorsal cutaneous nerve. Diphasic leads. Rapid impulses due to touching skin. 
B. Rapid and slow impulses: 5 per cent. acetic acid on skin. 


J. Erlanger and H. 8. Gasser (1930), Amer. J. Physiol. 92. 43. 
H. Dennig (1929). Ztsch. f. Biol. 88. 395. 

W. J. Crozier (1916). J. Comp. Neurol. 26. 1. 

L. W. Cole (1910). J. Comp. Neurol. 20. 601. 
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‘The influence of unilateral destruction of the vestibular nuclei 
upon posture and the knee-jerk. By J. F. Fuiron, E. G. T. LIDDELL 
and D. McK. Rrocu (Ozford). 


In a previous communication (1) we pointed out that integrity of the 
medial part of the ventral quadrant of the spinal cord was essential for 
the maintenance of decerebrate rigidity in the hind limb on the same side, 
and when this area was destroyed we found that the reactions, e.g. of the 
knee extensor, became typically spinal in character. The most important 
descending pathway in this region is the vestibulospinal tract; we have 
therefore compared in decerebrate cats the responses of the knee extensors 
on the two sides after unilateral destruction (acute and chronic) of the 
vestibular region of the medulla. Following unilateral cauterization of 
this area in acute preparations, the rigidity becomes greatly diminished 
in the extremities on the side of the lesion. When examined myo- 
graphically, the knee-jerk is large, usually prolonged (t.e. 80-1000 in 
duration), and there is no hump on the curve of relaxation; moreover, 
the stretch reflex is generally completely absent and the crossed extensor 
reflex is diminished. All these features are common to the jerk of a spinal 
preparation. The susceptibility to inhibition is also increased as compared 
with the normal side, but it is considerably less susceptible than a spinal 
preparation. In animals in which the vestibular lesion was made three 
weeks previously with aseptic precautions, similar differences have been 
observed, with the exception that the stretch reflex generally returns on 
the side of the lesion, but is less vigorous than on the normal side. 
Clinically, during the three weeks after operation, the animals show 
rolling movements to the side of the lesion and flaccidity of the ipsilateral 
extremities, but these symptoms diminish with time. The correlation 
between the flaccidity at clinical examination and the diminished stretch 
reflex at myographic examination is worthy of note and bears further 
evidence of the basic nature (2) of the stretch reflex in the maintenance 
of posture. We conclude that the vestibular nuclei are essential for the 
maintenance of decerebrate rigidity 3) and that they normally exert their 
influence through control of inhibitability of the lower spinal centres. — 

No doubt other, as yet unidentified, centres contribute less importantly 
to the same end. 


1. Fulton, J. F., Liddell, E. G. T. and Rioch, D. McK. Proc, o, Physiol Soc. Apeit 12, 
1930 (to be published in extenso). 
2. Liddell, E. G. T. and Sherrington, C. 8. Proc. Roy. Soc. B, 96. p. 212. 1924; B, 97. 
267. 1925. 
3. See Spiegel, E. A. Tonus der Skelettmuskulatur. 2 Aufl. Berlin: Julius Springer, 1927. 
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“Dial”? as an anesthetic for surgical operations on the 
nervous system. By J. F. Fuiron, E.G. T. Lippe. and 
D. McK. Riocn (Ozford). 


“Dial Ciba” is a liquid preparation of diallyl barbituric acid (10 we 
combined with small quantities of urethane and mono-ethyl-urea (to 
assist solution) possessing certain properties which make it particularly 
valuable for experimentation on the nervous system. Even with pro- 
found degrees of anmsthesia spinal reflexes, such as the knee-jerk, 
remain active. If the cord be transected in the thoracic region the knee- 
jerk becomes typically “spinal” both as to form and to inhibitability. 
With degrees of anesthesia sufficient for operative procedures the motor 
cortex, ¢.g. of monkeys, continues to be electrically excitable. Its locus 
of action thus appears to be chiefly in subcortical centres, ¢.c. thalamus, 
hypothalamus, mid-brain and upper medulla. The drug can therefore be 
used for class demonstrations of reflexes and is especially valuable for 
observations on the responses of the motor cortex. In experimental 
surgery of the nervous system the drug has two important advantages, . 
viz.: 1. It lowers blood-pressure without material impairment of the 
heart’s action or of the respiration, and it appears to constrict small 
vessels of the cerebral vasculature, with the result that major operations 
such as removal of the cerebellum or cerebral hemispheres can be carried 
out almost bloodlessly without occlusion of any of the great arteries to 
the head. This has made possible procedures involving exposure of the 
base of the brain which, owing to hemorrhage, could be carried out under 
ether only with the greatest difficulty. 2. Animals remain quiescent for 
a period of 12 to 36 hours and thus give opportunity for satisfactory 
healing of the incision. 

For cats a dose of 0-5 to 0-55 c.c. per kg. intraperitoneally is adequate 
for most animals. With monkeys, on the other hand, an intraperitoneal 
dose of 0-4 c.c. per kg. is usually adequate for any surgical procedure. 
Monkeys recover more quickly than cats (16 to 20 hours as contrasted 
to 24 to 36 hours). Under this anssthetic we have succeeded in per- 
forming three successive major operations on the same animal, such as 
removal at intervals of three weeks of the cerebellum, the right cerebral 
hemisphere and the left cerebral hemisphere, and in monkeys it has been 
possible to extirpate bloodlessly one of the cerebellar — leaving 


the vermis intact. 


Th hi march av enn pr yey fromthe Mod 
Research Council. — | 
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Peripheral tonus associated with impulse discharges in 
crustacean nerve. By T. Cuntirre Barnes? (Cambridge). 


In a preliminary account of the impulses in crustacean nerve it 
was stated that cutting the motor fibres in the walking limb of Cancer 


pagurus gave rise to discharges of long duration. It was suggested that — 
these discharges might be responsible for the persistent contractions in 


the isolated limb which have been considered as examples of peripheral 


tonus. Further work has now confirmed this suggestion. The first report: 


dealt with preparations which often failed to show more than a transient 
discharge when the nerve was cut, though several lasted for ten seconds 


with a gradually declining frequency and in one instance the discharge 


in the nerve and the accompanying contraction lasted a much longer 
time. Fig. 1 shows a record of this with a single series of impulses at 73 per 
second and itis interesting to note that Hoffmann (1914) has recorded 
muscle action currents at about this frequency. : 


Persistent discharge in a single fibre of the crab’s nerve associated with 
@ persistent contraction. Frequency 73 per sec. 

_ Recently much better preparations have been obtained and impulse 
discharges of 15, 50 and 185 seconds up to 5 minutes and several of 
20 minutes have been found in both leg and claw, each accompanied by 
a contraction in the muscles which lasted as long as the discharge in the 


nerve. In some cases the nervous discharge lasts a few seconds longer than — 
the visible contraction of the limb. The discharge was usually started by 


cutting the nerve but other kinds of stimulation were also effective. 
Pinching and ligaturing the nerve or gentle traction on it produced long 
outbursts of impulses in some preparations and slight movement of the 
nerve on the cotton wool electrodes occasionally started a long discharge. 
Repeating the stimulus is effective, but the resulting discharges become 
shorter and shorter very rapidly. In a few cases quiescent preparations 
spontaneously developed a persistent discharge and a persistent con- 
traction whilst in place in the apparatus. 

The initial contraction is usually flexion for the first three or four 
seconds, followed by a longer period of extension. The nerve discharge is 


at its highest frequency in the initial stages and it is known that flexion | 


1 Province of Quebec Scholar, Canada. 
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is produced by stronger electrical excitation than is required for extension 
(Richet, 1879; Luchsinger, 1882) in many crustacean limbs. On the 
other hand Knowlton and Campbell (1929) state that higher frequen- 
cies of stimulation are required for extension than for flexion. 

The nerve discharges occur in the motor fibres and are not formed 
of sensory impulses arising in the contracted muscle, for they travel 
towards and not away from the muscle and the sensory discharges 
produced by moving the limb are all of very short duration. 

Since tonus has never been observed in these preparations without an 
accompanying discharge in the nerve it seems probable that most if 
not all of the peripheral tonus in Arthropod muscles is produced by 
prolonged discharges which are set up in the motor fibres by the stimulus 
of injury and are comparable with the prolonged discharges in injured 
mammalian sensory fibres (Adrian, 1930). The earlier work in Crustacean 
preparations is obviously open to the criticism that the effects described 
may have been largely influenced by impulses from the damaged end of 
the nerve. My thanks are due to Prof. Adrian for advice and sis in 
the research. 

Adrian. Physiol. Reviews 10, p. 342. 1930. 
Hoffmann. Z. f. Biol. 64. p. 247. 1914. 
Knowlton and Campbell. Amer. J. Physiol. 91. p. 19. 1929. 


- Luchsinger. Pfluegers Arch. 28. p. 60. 1882. 
Richet. Physiologie des Muscles et des Nerfs. Paris, 1879. 


Flexor reflex responses to successive afferent volleys. By J.C. 
and C. §. SHerrineton. (Preliminary communication.) — 


In the following experiments reflex contractions of the deafferented 
spinal tibialis anticus muscle have been elicited by stimulation of the 
posterior tibial, popliteal, or hamstring nerves. 

It is usually possible to stimulate an afferent nerve by a break shock 
of such a strength that, though no reflex is produced by a single stimulus, 
a repetition of the stimulus at a suitable interval elicits a reflex response (1). 
The central effect of the second afferent volley sums with that of the first 
to produce a reflex discharge in some motoneurones. The maximum 
response is usually obtained with an interval between 4 and 8c. Fewer 
afferent fibres will be excited by a second stimulus which follows the 
first at intervals shorter than the relative refractory period of the afferent 
nerve which is about 6 to 8e in duration; but, as the central influence of 
the first stimulus suffers a rapid diminution, the second usually produces 
its optimum reflex effect when put in during the latter part of the relative 
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refractory period of the first. 20 te power of 
facilitation has usually passed off. 

| After strengthening the stimuli so that either produces a reflex 
independently of the other, it is found that, when both are applied at — 
intervals similar to those above, the reflex contraction is greater than — 
with either alone, and that it reaches a maximum, when the stimuli are 
separated by 4 to 8c. When the stimuli are not strong and are at a 
sufficiently short interval (4c) it can be shown? that the extra tension 
added by the second stimulus is not due to a second discharge of those 
motoneurones which had already responded to the first stimulus. The 
double stimulation must have excited motoneurones which were un- 
responsive to either stimulus alone. It is clearly a case of reflex facilita- 
tion similar te that between subliminal stimuli, and it occurs: by central 
summation of the subliminal effects of the individual afferent volleys. 
The neurones thus excited belong to the subliminal fringe. 

With intervals of 8 to 160 between two volleys in the same afferent 
nerve, both the mechanical and electrical records of the reflex contraction 
show that the response to the second stimulus is reduced when compared 
with its independent control, the point of maximum reduction being 
usually between 10 and 12c. As the refractory period of the motor nerve 
and muscle (as measured by its contraction tension) is over in 60(2), that 
part of the reflex arc can be absolved from any implication in the re- 
duction. This reduction therefore must be central in origin, for the relative 
refractory period of the afferent nerve is about 6 to 8c in duration. Many 
_ of the motoneurones must be unresponsive to the second afferent volley 
when it arrives shortly after the first discharge. With intervals less than 
80, facilitation in the subliminal ftinge produces a discharge in fresh 
motoneurones and so obscures the unresponsiveness of the initially 
discharging motoneurones. It was shown above that with an interval of | 
4a between the afferent volleys, no second discharge occurred in any 
motoneurones unless the second volley was made very powerful, 1.c. 
produced by a strong second stimulus. The minimum response at intervals 
of 10 to 12¢ is due to the passing off of the complicating effect of facilita- 
tion in the neurones of the subliminal fringe, before the discharging 
neurones have recovered their normal excitability. The period.of increased 
neurone threshold following a discharge seems to be a central relative 
refractory period (8), If so it is considerably longer than the relative 
refractory period of peripheral nerve. 


By impale up the motor nerve bre into the minal cord. The method wil 
be dealt with in a later paper. 
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In some preparations the period of increased neurone threshold has 
a much longer duration, and, as it can be shown to occur in neurones 
which have not discharged the first time, it cannot be a refractory period. 
The condition does not appear until there is an interval of not less than 
40 between the stimuli, reaches its maximum rapidly, and then slowly 
returns to normal during a period of 100 o or more, It varies greatly from 
preparation to preparation, and at different times in the same preparation, 
and often is more powerfully exerted by one afferent on another than on 
itself. It is undoubtedly a true inhibition and in time relations closely 
resembles the crossed inhibition of the flexor reflex. When this ipsilateral 
inhibition is well developed, tetanic stimulation of the afferent nerve 
produces the so-called “‘jet”’ type of reflex, for all afferent re 
subsequent to the first suffer inhibition. 


1. Eccles, J, C. and Sherrington, C. 8, This Journ. 69. p. 1 1930. 
2. Cooper, 8S. and Eccles, J. C. This Journ. 69. p. 377. 1930. 
3. Bremer, F. Compt. rend. Soc. de biol. 103. p. 513. 1930. 


Prolonged postural contraction in peripheral preparations 
of mammalian muscle. By Grace Briscor (London (R.F.H.) 
| School of Medicine for Women). 


Destghaael preparations of mammalian muscle can be maintained in 
a condition of activity resembling postural tonus if ce conditions are 
observed. With the right conditions the quadriceps m a cat (the 
nerve being cut, but the circulation intact) can be kept for hours in a 
state of postural contraction, without sign of fatigue. This is not a 
“contracture,” or in any sense an irreversible state, because the muscle 
relaxes as soon as the stimulation is stopped, and can be made to give 
phasic contractions by supplying suitable stimuli. | 

The first condition is that the electrical stimuli must be applied at a 
rate only just above the fusion rate for the particular experimental muscle 
(each muscle has its own fusion rate). Full postural shortening can be 
obtained with stimuli of low intensity, but increasing the intensity even 
tenfold makes little difference to the tension of the muscle (measured by 
the weight tending to flex the knee which the muscle can just counteract), © 
if the same low rate be maintained. _ | , 

The second condition is what, for want of a better word, may be 
called the “humoral” condition of the whole animal. When the 
anesthesia is kept at the stage when the corneal reflex is present, 
posture can be-maintained for prolonged periods (provided the appro- 
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priate stimuli are entering the cut peripheral nerve); as soon as the 
anssthesia is deepened, so that the corneal reflex is abolished, the posture 
begins to give way, but can be restored by lightening the anzsthesia. 
This can be demonstrated by using an intact animal and ether as the 
anmsthetic. The lower limb is fixed by a drill through the lower end of 
the femur, and the quadriceps is made to give a full isotonic contraction 
and hold the leg and foot straight up in the air. If exactly the right 
stimuli are applied there is no feeling of strain in the muscle. The anzs- 
thesia is first kept light so as to show prolonged posture. Within a few 
seconds of increasing the ether percentage the posture begins to give way. 
If when the limb has reached halfway to the fully relaxed position the 
ether is removed and air given, the sagging stops and in a few seconds 
posture slowly revives and may reach the original condition. Postural 
contraction has been maintained for nearly three hours in a quadriceps 
muscle and the posture could be.made to give way or revive at any time 


by giving either ether or air. Even at the end of that period there was 


no sign of fatigue. 

Prolonged postural contraction can also be made to give way by 
obstructing the blood supply to the muscle. If while the quadriceps is in 
posture, the femoral artery on that side is occluded by pulling on a thread 
passed round it, the posture quickly gives way but revives when the 
blood flow is restored (care is taken not to pull on the nerve). 

“Dial” has been used as a convenient anssthetic for these experi- 
ments, as it maintains unconsciousness for prolonged periods without 


abolishing the corneal reflex. Apparently its specific action on the 


parasympathetic fibres has nothing to do with the postural reaction, as 
a posture which is being held under dial anzsthesia can be abolished by 
deepening the anesthesia with ether. Also when atropine has been given 
to paralyse the parasympathetic, posture still gives way under deep 
ether. | 


‘The influence of adenosine and related compounds upon the 
coronary arteries in the perfused rabbit’s heart. | 
By A. N. Drury and A. M. Wepp. 


It has already been reported by one of us (A. N. D. J. Physiol. 


1929, 68. p. 213) that adenosine dilates the coronary arteries in the dog’s 


heart-lung preparation. Observations have been made upon the in- 
fluence of this substance and related compounds upon the coronary 
arteries of the excised rabbit’s heart perfused with Ringer’s solution. It 
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appears that, for a given perfusion pressure (36cm. of water), the injection 
of 0-1 of a milligramme of adenosine produces an increase in flow which is 
usually from 100 to 250 p.c. The dilatation thus produced is maximal and 
an increased dose prolongs the duration but not the degree of the reaction. 
The reaction has no relation to any change in cardiac rate produced by 
the substance, and the maximum flow is brought about by doses which 
have no influence upon the heart rate. Adenosine added to the perfusion 
fluid in concentrations of 1-5,000,000 brings about a maximum dilatation. 
Comparative observations have been made with sodium nitrite and it has a 
been consistently found that 2 mg. of sodium nitrite gives rise to an 
increased flow which is usually two-thirds of that produced by 0-2 of a 
milligramme of adenosine; the duration of the reaction is always much 
4 shorter so that the total extra flow is about one-third. This difference, 
which is seen in normal vessels, holds true when the vessels have been. 
constricted by either barium chloride or “ Pitressin.” Yeast adenylic acid 
and muscle adenylic acid behave in an identical manner with equal doses, 
both producing an increase in flow about two-thirds of that produced by 
the same dose of adenosine. The similar dilatant effect of these adenylic 
acids is in contrast to their action upon the sinus and junctional tissues 
of the heart where yeast adenylic acid is almost ineffective. Thymus 
nucleic acid and yeast nucleic acid have an inconstant action, sometimes 
a slight dilatation, and sometimes a slight constriction being produced. 
Inosinic acid, adenine, and guanosine are much less active than adenosine, 
being comparable to sodium nitrite. 
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Detection of histamine-like substances in asthmatic sputa 
and experiments on their possible bacteriological origin. 
By F. A. Knorr and G. H. Ortet. 


Bronchial plugs and mucopurulent masses have been collected from _ 
sputum obtained from patients after asthmatic paroxysms and from 
normal persons. These have been extracted with Ringer-Locke solution 
in sterile test-tubes containing a few glass beads. The extracts were kept 
warm in a 37°C. bath and, when necessary, the reaction adjusted to 
pH 7-5. 

Meanwhile apparatus was set up for eens upon a smoked drum 
the contraction of a guinea-pig uterus immersed in warm Ringer’s solu- 
tion (Dale’s technique). To the Ringer-Locke solution surrounding the 
uterus was added, at appropriate moments, the extracts mentioned above. 

In the case of several asthmatic sputa, marked immediate tonic 
contractions of the muscle were observed, 7.e. a histamine-like effect. 

Referring back to the bacteriology of these particular sputa, it was 
found that many showed in the bronchial plugs numerous Gram-negative 
bacilli, apparently allied to the B. Friedlander group. Accordingly fresh 
broth cultures at 37° C. of these organisms were made overnight, strongly 
centrifuged, and the clear liquid, after adjustment of its reaction to 
pH 7-5, added to the Ringer-Locke solution and the experiment repeated 
upon further uterine preparations. | 

So far these culture extracts have given histamine-like effects similar 
to those obtained with the sputum itself. It is thought—and the point is 
offered for discussion—that the histamine-like substance demonstrable 
in the plugs may have arisen as a result of the growth of these bacilli 
within the small bronchial tubes. 
fe Control experiments were made using uninoculated specimens of 
culture medium and with fresh cultures of other organisms 
commonly found in sputum. 

The suggestion is, therefore, put forward that in bronchial infection 
with these bacilli capable of histamine production during growth, we may 
have one cause of specific, locally produced asthma. 
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The effect of posture on the composition and volume of the 
blood and on its selective diffusion into the lymph spaces. 
By A. Harrop, Jr., and R. L. Warterrietp (Johns 

Hopkins Hosytal, Baltimore). 


It has been shown by Thompson, Thompson and Dailey’ that 
the total circulating blood volume, as determined by the dye method, 
varies with the posture of the subject. After lying down it is greater than 
after standing up. The diminution while standing up continues for about 
half an hour, when the volume reaches a constant value. The converse 
increase on lying down continues for a longer and less well-defined period. 
From simultaneous determinations of percentage cell volume, red cell 
count and total plasma protein percentages, they concluded that the 
volume loss was limited to the diffusible constituents only of the blood, 
there being a corresponding increase in the concentration of the in- 
diffusible constituents and the red cells. Thus in the erect posture, whereas 
there was a loss of 11 p.c. of the plasma volume, the cell volume under- 
went no change and the increase in plasma protein concentration indi- 
cated that the amount of total protein in circulation remained unaltered. 

Our purpose was to see whether or not the same effect would appear 
when the blood volume determinations were carried out by the carbon 
monoxide method instead of the dye method. In broad outline the results 
were the same, significant differences in detail did, however, emerge. 
Thus we obtained a greater diminution in plasma volume in the erect 
posture—over 14 p.c. as opposed to the 11 p.c. of the dye method. Also 
the cell volume instead of remaining unchanged suffered a shrinkage of 
4p.c. Finally the change in protein concentration indicated that only 
about 40 p.c. of the total protein—presumably the globulin fraction— 
was indiffusible, while 60 p.c. left the circulation in company with the 
diffusible constituents. 

Taz I. Showing effect of posture on whole blood, plasma and cell volumes as 
determined by carbetf’ monoxide method in eight normal men. 


Re- 
cumbent Erect Change cumbent Erect cumbent Erect Change 
(c.c.) (¢.¢.)  (p.c.) (c.c.) (c.c.) (c.c,)  (c.c.) (p.c.) 


Average 5244 4732 2980-2555 38 
The diminution in cell volume is to be expected on the grounds that, 
since the protein concentration of the plasma-rises, the osmotic pressure 
sd Journal of Clinical Investigation, 1928, 5, 573. 
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of the plasma must rise, and hence a shrinkage of the cells should occur. 
Likewise the observation that there is a selective diffusion of the protein 
fits in reasonably with the fact that the globulin molecule is larger than 
the albumin molecule. | 

These differences between the postural effects as observed by the dye 
and gas methods find a satisfactory explanation on the theory that in the 


_ dye method part of the dye diffuses into the lymph spaces. Thus they fit 


in with the observation that blood volumes as determined by the dye 
method are usually considerably larger than those determined by the 
gas method. We suggest that the different results obtained by the two 
methods would repay further investigation: for, if as we believe the 
differences are due to this diffusion of dye into the lymph spaces, then it 


would be possible to calculate from quadruple blood volume determina- 


tions on a subject—from his gas-determined volume both erect and re- 
cumbent and his dye-determined volume both erect and recumbent—a 
minimal figure for the volume of the circulating lymph. : 
_ Our second object was to discover what happened to that part of the 
diffusible constituents of the blood which left the circulation in the erect 
posture. The amount lost in the average subject was about 400c.c. A 
machine was made for measuring the volume of the lower leg from about 
one inch below the tuberosity of the tibia and including the foot. After 
investigating the various other factors which produced volume changes 
we found a variation which the evidence indicated was due to fluid outside 
the blood circulating system. For sixteen normal men the average swell- 
ing of this kind in the erect posture was 83 c.c., while in six of them it 
amdunted to between 100 and 120 c.c. Since the hydrostatic pressure in 
the erect posture is greatest in the most dependent structures, one would 
expect most of the diffusion to occur into the foot; but since the tissues 
of the thigh are much more capacious than those of the leg these two 
factors should roughly equalize out and one would expect, if one could 
measure it, that the swelling in leg and thigh together would be about 
twice the swelling of the leg alone. For both legs and both thighs there- 
fore it would seem that the swelling in the erect posture is of the same 
order of magnitude as the loss of fluid from the blood circulating system. 
We found evidence to show that the following factors were important 
in determining the amount of swelling of the legs in the erect posture in 
our series of normal subjects: (1) the ability to stand quite still and to relax 
the muscles of the leg, (2) the height of the subject, (3) the poorness of his 
state of “training,” (4) the looseness or flabbiness of the tissues of the leg. 
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‘The activity of the nervous system in the onterpillar. 
By E. D. ApRIAN. 


The central nervous system of the caterpillar’ consists of a chain of 
ganglia ventral to the gut with paired supra-cesophageal ganglia at the 
head end. It is easily exposed and the nerves and ganglia remain active 
for an hour or more. 

Sensory discharges. These can be recorded in the caudal nerves cut 
just before they enter the hindmost ganglion. Touching the tail produces 
groups of ascending impulses travelling at about 2-5 metres a second 
(Fig. 2 D, Fig. 3 B). There are also numerous smaller impulses which con- 
tinue without stimulation. The isolated nerves are quiet. 

Motor discharges can be recorded in the same nerves cut distally. 
Slow periodic discharges take place corresponding to the creeping move- 
ments of the body, and there are more violent outbursts when the head 
is touched. The potential waves vary in size but not obviously in con- 
duction rate, which is slower than in the sensory fibres (about 0-5 metre 
a second). A distinct series of impulses can often be made out in the 
periodic discharges, the frequency rising from about 5 to 25 a second and 
then declining (Fig. 1 A). The action currents from the body muscles 
agree with those from the nerves, the frequency in each series of responses 
varying over the same range. The frequency is perhaps higher in both 
during the violent outbursts. 
Central nerve cord. When the cord is placed on the electrodes with the 1° 
head end still attached to the animal, there is a constant succession of 
descending impulses. The discharge increases périodically when the head 
moves. Touching the head causes a great increase (Fig. 2 B). When the 
cord is left attached at the tail end, ascending impulses are produced by 
touching the tail. 

The isolated cord shows great activity: a length of cord with one or 
more ganglia will usually show a succession of impulses varying irregu- BE 
larly in frequency but continuing for half an hour or more (Fig. 2 A). All | 
activity ceases when the ganglia are destroyed. Most of the impulses ip 
travel at about 0-5-1 metre a second in the aboral direction, but if the 


ganglion. Occasionally the irregular discharge subsides, leaving a single 
regular series (Fig. 2 C). 
It will be seen that the neurones of the caterpillar do not differ greatly 


1 “Large White Butterfly” caterpillars were used as a rule. 
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from those of the vertebrate in the general nature of their activity: in 
particular the motor discharge (Fig. 1) shows a remarkable likeness to 
that in the motor fibres of a vertebrate when the contraction increases 
and declines — (cf. Adrian and Bronk, 1929]. 


Fig. 1. A. Wohor thowlig single faxpale series of declining 
frequency (periodic creeping movements). B. Muscle action currents during a creeping 


movement (middle and end). Electrodes placed on exposed body muscles. ee 
of responses covers the same range as in motor nerve fibres. 


Fig. 2 Fig. 3. 
Fig. 2. A. Persistent discharge from isolated ganglion, usual irregular type. B. Descending 
impulses in central nerve cord with large outburst produced by touching the head. 
C. Rhythmic discharge from isolated ganglion. D. Sensory impulses in caudal nerve. 
Discharges produced by touching the tail. 
Fig. 3. A. Motor impulse in caudal nerve. Leads 2mm, apart. Conduction rate about 
0-6 metre a second. (Time between black lines=5 sigma.) B. Sensory impulse in 


caudal nerve. Leads 2 mm. apart. Conduction rate at least 2 metres a second. 
Adrian and Bronk (1929). J. Physiol. 67, 122, Fig. 2. 
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On the occurrence of a non-heat-coagulable protein in normal 
and pathological urines. By G. H. Orret'. 


If the reaction of urine is adjusted to pH 3 with dilute sulphuric acid, 
and shaken with a fifth of its volume of ether, on standing, the etherial 
layer may have a jelly-like appearance or may be clear. In the case of 
the urine of a person im perfect health, the ether is usually clear, but in 
the case of sufferers from bacterial invasions such as pneumonia and 
phthisis, and especially in such cases of allergy as eczema, urticaria, and 
asthma, the etherial layer is so thick that if the reaction is carried out 
in a test-tube it may be inverted without spilling the contents. If the 
underlying urinary layer is run off, and the etherial layer is treated with 
an equal volume of alcohol, a precipitate is formed. When this is centri- 
fuged off, it is still acid, due to the sulphuric acid carried over. It may 
then be washed with distilled water, which dissolves out adsorbed sub- 
stances such as urea and phosphates. A substance is left which is soluble 
at pH 7-6 and gives the Biuret, Xanthoproteic, Millon and Molisch re- 
actions. It contains carbon, hydrogen, oxygen, and nitrogen. If the urine 
is acidified and shaken with kaolin, and the kaolin filtered off before being 
shaken with ether, the ether remains clear, and the substance may be 
recovered by suspending the kaolin in water with the addition of NaOH 
to pH 8-0. 

This substance is apparently of protein nature, but is not heat- 
coagulable, and is not irreversibly coagulated by alcohol. A portion is 
salted out of solution by one-half saturation with ammonium sulphate, 
and a further portion by full saturation. It passes only with difficulty 
through a semi-permeable membrane. _ 

It is possible to sensitize rabbits with this substance so that they show 
the Arthus phenomenon. Using this as a criterion of specificity, the 
substance is not identical when obtained from persons suffering from 
different diseases. It has been found that persons suffering from allergic 
diseases are sensitive to this substance made from their own urines, and 
that it is possible to desensitize them by injections of minute doses at 
suitable intervals. It is probable that this is the substance which has 
from time to time been described as albumosuria, proteosuria, and 
colloidal nitrogen in urine. Evidence as to its specificity is now being 
sought, using the Dale technique. 


1 Work done with the aid of a grant from the Medical Research Council. 
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- Starch digestion in man. By Arruur F. Hurst and F. A. Knorr. 


The study of a large number of cases of intestinal carbohydrate dys- 
pepsia has thrown some important light on the normal digestion of starch 
in man. In this condition the patient complains of general abdominal 
discomfort and distension with a tendency to diarrhea and the passage 
of much gas per anum. The stools contain large numbers of swollen but 
unruptured starch grains, but no undigested meat fibres or excess of fat. 

These patients have a normal gastric secretion, and as fat and meat 
are perfectly digested, there can be no deficiency of pancreatic juice. 
It is clear, therefore, that the saliva, gastric juice and pancreatic juice 
are together incapable of digesting starch in unbroken cells. Moreover, 
the amylopsin in the pancreatic juice is not essential, as in complete 
obstruction of the pancreatic ducts, although the stools contain large 
quantities of meat fibres and fat, there is no starch. 

There is always a history of some intestinal infection, and it seems 
probable that this damages the mucous membrane of the small intestine, — 
so that there is a deficient secretion of the succus entericus, which contains 
the diastase necessary for the normal digestion of starch. 

Normally the diastase of the succus entericus completely extracts 
and breaks down the starch before the lower part of the small intestine 
is reached. The sugars are completely absorbed in the upper part of the 
small intestine, which is normally almost sterile, and none reaches the 
lower part or the colon in which many bacteria are present. | 

In intestinal carbohydrate dyspepsia the undigested starch reaches 
the cecum, the secretion of which contains sufficient diastase to produce 
a certain amount of sugar, which immediately undergoes fermentation 
owing to the large number of bacteria present. The irritation set up by the 
resulting gas and organic acids produces painful spasm and diarrhea. The 
abnormal acidity of the contents of the colon caused by the organic acids 
affords an excellent culture medium for the development of bacteria, so 
that a great excess of enterococci and other organisms develops; the 
excess of bacteria in the stools is thus not due, as has been supposed in the 
past, to infection, but simply to the carbohydrate indigestion, as it 
disappears at once on excluding unextracted starch from the diet or by 
the administration of an active vegetable diastase, which is found to be 
more resistant to gastric juice than pancreatic extracts. 
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Observations upon the effects of heat and sunlight in a 
tropical climate. By F. Marsz. 


Forty experiments upon thirty-six rabbits were made in Persia during 
. the summer of 1929, June 5th to October 11th. The animals were healthy 
males, either albinos or black, weighing between 900 to 2000 g. In some 
cases the bodies of the rabbits were kept cool and shaded in an ice box 
while their shaven heads were exposed to the light; others which were 
exposed all over the body were tethered comfortably to a wooden plat- 
form, and in some cases were moistened with water from a watering can 
with a fine nozzle. | 
Shaded albino rabbits withstood exposure to an air temperature of 
112° to 115° F.; in the direct rays of the sun they withstood 148° but col- 


lapsed at 161° F. The black rabbit exposed to the sun was unable to — 


resist 146-5° F. An albino rabbit survived a rectal temperature of 
109° F. which had lasted for 1} hours, 108-6° F. for 1 hour and 110° and 
111° F. lasting only a few minutes. 

Seven albinos sprinkled with water were unaffected by exposure to 
the sun 166° F. (shade 108° dry and 70° wet bulb) for 24 hours. Five black 
rabbits under similar conditions were unaffected by free exposure to 
164-5° F. (shade 104° dry and 68° wet bulb). 

Seven albino rabbits dry and freely exposed for about 1 hour to a 
temperature of 161° F. in the sun (shade 106° dry and 66° wet bulb) died 
in spite of treatment when their rectal temperature reached 112° F. Six 
black rabbits gave similar results. 

Four albino rabbits with their heads shaved and exposed to the sun, 
but their bodies shaded and cooled, were unaffected after exposure from 
3 to 10 hours to a temperature of 175° F. in the sun. On the other hand 
one rabbit with the head shaded and cooled but the body exposed died 
within one hour with a rectal temperature of 112° F. The blood from the 
left ventricle of the heart was examined in four animals in which 
collapse occurred. The lactic acid varied from 63-4 mg. to 279-9 mg. in 
100 c.c, blood in one case: the carbon dioxide in the plasma was 12 volumes 

-p.c. It appears that sunstroke is a cause of hyperthermia and that there 
is no essential difference between sunstroke and heatstroke. 

In one fatal case of heatstroke in an adult Persian the following ob- 
servations were made 24 hours before death. The chloride content of the 
cerebrospinal fluid was 634-6 mg. in 100 c.c.; the cell content was normal. 
In the venous blood obtained from the arm the lactic acid was 100 mg., 
the urea 84-7 mg., the dextrose 80 mg. and the chlorides 436-7 mg. in 
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100 c.c. A blood smear showed no malarial parasites and no leucocytosis. 
The urine for 24 hours before death was collected and examined: volume 
500 0.¢., sp. gr. 1-006, trace of albumen, no sugar, urea 2 g. in 100 .c., no 
chlorides. Under the microscope a centrifugalized specimen showed 
nothing. The patient did not sweat at any stage during the 48 hours 
before death, although he was given large amounts of salt and water to 
drink. It is suggested that the depression of sweating may have been 


~ due to the low content of chloride in the blood and tissues. 


The measurement of the circulation rate in man by the 
acetylene method. By A. Gro.iman. 


Acetylene possesses physical and chemical properties which render it 
ideal for the determination of the circulatory minute volume in man. Its 
solubility i in blood is of a convenient magnitude, and is practically con- 
stant in normal and pathological human bloods. It is very easily deter- 
mined by absorption in alkaline mercuric cyanide, making it possible to 
complete a determination of the cardiac output in Jess than an hour. 
Duplicate determinations can be made to agree to within about 1 p.c. 


The original procedure used by Marshall and Grollman for deter-_ 


mining the cardiac output was based on assumptions the validity of 
which has been proven by Baumann and Grollman by direct and 


- unequivocal experiments on man. 


The ease with which determinations of the cardiac output can be 
made, by the use of acetylene, has made it possible to-investigate a 


number of physiological problems relating to the cardio-vascular system. 


It has been found, contrary to the views previously held, that the cardiac 
output of man is remarkably constant from day to day over long periods 
of time. The cardiac output of normal young individuals has, moreover, 
been found to be a function of the surface area of the individual and, 
hence, is predictable with a high degree of accuracy. 

By the use of acetylene the following physiological variations of the 
cardiac output of man have been investigated: (1) posture, (2) ingestion 


of food and fluids, (3) psychic reactions, (4) fever, (5) residence at high 


altitudes, (6) inspiration of carbon dioxide, (7) temperature, (8) cata- 
menial cycle, (9) the effect of alcohol, caffeine and tobacco, (10) sleep, 
and (11) mild exercise. 
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' The relation of temperature to heart rate in the South African 
frog (Xenopus dactylethra). By N. B. (Cambridge). 
(Preliminary communication.) 

Hitherto there has been no unanimity of opinion as to the shape of 
the curve which relates the rate of the heart to its temperature. In the 
frog a considerable difficulty is caused by the small range of temperature , 
over which observations can be made. Prof. Hogben recommended the 
use of South African frogs which can withstand a much higher tempera- 

_ ture than can British frogs, and kindly sent us a consignment. 

- The experiments of Barcroft and Izquierdo upon the excised 
heart of the British summer frog first were repeated. We were able to con- 
firm their findings. The temperature-frequency relationship was found in 
the ten experiments that were performed to be a linear one (see Fig. 1). 
The temperature coefficient had an average value of 2-6 between the 
temperatures of 5° C. and 15° C. 

Employing the hearts of the South African frogs excised and sus- 
pended in saline according to Izq uierdo’s(1) technique it was possible to 


7 make observations over a much wider temperature range, namely, from 
; 1° C. to over 35° C. An almost perfectly linear relationship between the 
‘ temperature and the heart rate was found to exist over a range of from 


7 1° C. to 28° C. Beyond the latter temperature a distinct slowing of the 
; heart occurred followed by great acceleration (see Fig. 1). The rhythm of 
in the latter instance was very suggestive of a circus movement having 
been established. 

Cognate experiments were carried out upon the heart of the intact : 
frog. The curves, as was to be expected, were not linear in form; they 
showed two elevations. The peaks of these lay at about 15° C. and 25° C. 

_ respectively. In these experiments upon the intact animal, the heart 
beat was recorded electrocardiographically and the temperature by 
means of a thermocouple inserted through the anus into the bowel, or, 
as in later experiments of this series, by a fine thermo-electric junction 
fixed within the ventricle itself. 

Variations in vagal tone are not responsible for the elevations in the 
curve since they persisted after the administration of full doses of atropine. 
Other possible causes, for instance alterations of sympathetic tone or 
adrenaline liberation, were not investigated. Atropine, contrary to the 
general belief concerning the action of this drug upon the amphibian 
heart, greatly accelerated the rate, so long as the temperature was neither 

very high nor very low. At a temperature of from 16° C. to 18° CG. the 
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injection of as little as 0-1 mgm. doubled the rate after the lapse of 
6 minutes. The increase in rate was brought about almost entirely by 
the shortening of diastole. The length of the ventricular complex 
(R-T interval) was scarcely affected. 


100 


+ Observation on British frogs. 
¢ Observation on South African frogs. 


Fig. 1. Chart showing for purposes of comparison typical temperature 
heart rate curves of English and South African frogs respectively. 


1. Izquierdo, J. J. (1929-30). J. Physiol. 68, 363. 


An anti-growth factor. By J. H. Tompson (King’s College, London). 


(Preliminary communication.) 

If fresh parathyroid glands be extracted with 85 p.c. ethyl alcohol con- 
taining 15 p.c. sulphuric acid for 48 hours, filtered, neutralized, con- 
centrated and further filtered, a solution is obtained which when injected 
subcutaneously into young (6 weeks) rats results in a failure of the rats 
to grow at the normal rate. 42 animals were used in each series. 

At the end of 16 weeks, while the average weight of the control series 
had reached 157 g., those injected with parathyroid extract had only 
reached 92 g. | 

Preliminary experiments have also been carried out on rats inoculated 
with Jensen rat sarcomata which indicate that the growth of such 
tumours is also much affected by the injection. 
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xiii PROCEEDINGS OF THE PHYSIOLOGICAL 


-Crenation of human erythrocytes, and its reversibility. 
By W. W. Water (Liverpool). 


Crenation is a stage in a progressive series of changes, characteristic 
of the effect of alkali in dilute saline solutions, beginning with the normal 
shape of the red corpuscle and ending in hemolysis when the pH is 
sufficiently high. Preceding any hemolysis, the first change is fine 
crenation at the edge of the disc (“rosettenform”’), then the “mulberry” 
shape with reduced diameter (“stechapfelform”), and lastly the simple 
spherical form, attained by smoothing of the surface, and not by loss of 
the spicules. Exactly similar changes are caused by the glass surfaces 
under the microscope, without addition of alkali, and my observations, 
made in ignorance of Brinkman and Van Dam’s work (1920), are 
identical with their description of the effect of glass on corpuscles in 
isotonic saline. The eye can follow the changes, provided that there is 
a certain depth of fluid between slide and cover-slip. With high-power 
objectives this fluid film is, by necessity, thin, and the changes may be so 
rapid that the earliest view shows corpuscles already in the latest stage 
of smooth spheres. The Watson 4th objective provides a useful compro- 
mise of magnifying power with length of focus. 

Brinkman and Van Dam attribute this effect to the negative 
charge of the glass surface, and contact with corpuscles which have been 
deprived of an electrical insulating agent—namely cholesterin, of the 
serum. But additional observations—not of necessity in conflict with 
this theory—must be verified and considered. 

Crenation is ordinarily seen in dilute saline, as described in the earlier 
text-books. The degree of concentration, ranging upward from that of 
“frog Ringer” solution, matters little, provided that the serum is dilute 
or absent; until the higher ranges of 3 or 4 p.c. NaCl and upwards are 
reached, The normal form is preserved in concentrated saline, as described 
by Hewson from his observations with the simple microscope (1773). 
Apart from salt concentration, the normal shape is stabilized, not only 
by serum, but by phosphate “buffer” salts. 

Crenation is reversible by acid to the normal shape, as proved by 
photographs of individual corpuscles before and after addition of saline 
acidified by phosphate. Also, the spherical shape, crenated or smooth, is 
reversible, at least temporarily, to a biconcave form, by diminution of 
previous alkalinity. If the slides and cover-glasses have been cleaned, 
even several hours beforehand, by a final immersion in ether, and without 
subsequently touching the surfaces, then crenation is not seen. But the 
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search for an “indifferent” transparent surface provides a difficult 
problem; and perhaps no single surface can be deemed ideally neutral 
towards fluids of widely differing pH. For convincing observations, I 
have relied chiefly on the thickness of the fluid films, together with a 
certain rapidity of manipulation. 

Concentrated NaCl also decreases the rate of hemolysis by alkali, seen 
on vitro. To show this, the experiment is made in two stages: a preliminary 
treatment for about half an hour of samples of blood in excess volumes of 
strong and of weak neutral NaCl solutions, followed by a comparison ¥ 
the times of hemolysis after alkalization. 

’ It seems certain that the normal shrinkage in volume of the red cell 
is by “thinning” without appreciable alteration of visible diameter. 
Observations of cells edge-wise in strong saline give this impression. 
Ponder’s recent results show no volume alteration within certain limits 
of tonicity, but do not exclude a temporary alteration. This mode of 
alteration gives us an additional teleological reason for the biconcave 
shape, which allows a maximum alteration of volume with no change of 
surface area, by inappreciable normal variations of the degree of con- 

I suggest that a factor in the abnormal change of crenation is the 
sudden increase of external pH acting directly on the hemoglobin, as a 
colloid and as the main constituent of the cell. If we assume even a slight 


diffusibility of NaCl into the cell, a high salt concentration would © 


minimize those changes of equilibrium between the colloid and its 
environment, which are caused by alteration of hydrogen-ion concentra- 
tion. I may add that corpuscles, after treatment with concentrated NaCl, 
show even a more striking resistance to hemolysis by acid than in the 
experiments with alkali. — 
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A method of recording the movements of isolated bronchi. 
By R. J. 8. McDowatt and J. W. Toornton (King’s College, London). 


The method consists essentially of perfusing the bronchi through the 
trachea, the fluid making its exit through scarifications on the lung 
surface. The resistance to the outflow is recorded by means of a side tube 
leading, from near the canula, to a manometer. A suitable perfusion fluid 
is that of Van Dyke and Hastings (Amer. Jour. Physiol. 1928, 88, 563). 
It contains: NaCl 0-659 p.c., KCl 0-046 p.c., CaCl, 0-005 p.c., MgCl, 
0-009 p.c., NaH,PO 0-01 p.c., Na,HPO 0-008 p.c., NaHCO, 0-252 p.c. _ 

Substances to be examined are injected through the pulmonary cir- 
culation which is separately perfused. They may be injected directly into 
the bronchial perfusion, but practical difficulties prove this to be less 
satisfactory. By use of the method all the usual reactions of the bronchi 
to drugs can be easily demonstrated. The sensitivity of the apparatus is 
shown by the fact that the constriction and dilatation effected in the 
guinea-pig’s lung by the action of histamine and adrenaline respectively, 
may extend completely across an ordinary kymograph paper. This will 
represent an alteration in pressure of at least 30 to 40cm. of water, 
following, for example, a dose of 0-01 mg. of histamine. 
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